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The Eye, Brightness and Illuminating 
Engineering 
By W. S. STILES, O.B.E., D.Sc., (Fellow) 


Summary 

The great interest now being evinced in brightness engineering makes 
it desirable to review the basic facts concerning the quantity brightness and 
its réle in vision, to inquire whether the properties of the eye suggest 
any desirable limitations on brightness or brightness ratios in the field of 
view, and to examine the suitability of brightness as a quantity in terms of 
which to couch illuminating engineering specifications. The importance 
of brightness in vision rests essentially on the fact that the illumination 
of the retina of the eye is proportional to the brightness of the object 
viewed, although a closer examination of the eye shows that the connection 
js not quite so simple. Again, the way in which radiations of different wave- 
length contribute to brightness under different eye conditions raises 
difficulties. Despite the considerable knowledge that exists of the response 
of the retina to light, it is by no means easy to deduce clear guiding 
principles to assist the illuminating engineer, and for some years the latter 
has had resort to the results of more ad hoc studies. It is always well, 
however, to take stock of fundamentals from time to time, and the present 
paper is an attempt in some measure to do this. 


(1) Introduction 


The aim of lighting is to make seeing easy. It would greatly assist the lighting 
engineer trying to achieve this if he could determine a quantity which would give 
a numerical measure of his success. But ease of seeing may be assessed in a variety 
of ways and there are many contributory factors, making it unlikely that one quantity 
will give what is required. Nevertheless, the illumination on a certain “ working 
plane” was used for a long time, and is still used to some extent as an indicator 
of the “ goodness” of the lighting. In recent years the illuminating engineer has 
tended to think much more in terms of another quantity—brightness. This shift 
of emphasis may be attributed in the main to three developments. In the first place, 
account has been taken of the fact that what the eye sees is not the light falling on the 
objects—which is specified by their illumination—but the light thrown back towards the 
eye—which is specified by their brightness in the appropriate direction. The link 
between illumination and brightness is the reflection factor of the surface on which 
the light falls. The current I.E.S. Code, while stilll specifying illuminations on the 
working plane, makes the recommended values depend on the reflection factors 
of the surfaces concerned, and is in effect based on the brightness concept. But it 
also introduces the factor of size of detail, recognising that it is not object brightness 
or brightness contrast alone which determines the facility of vision. 

Brightness forced its attention on the illuminating engineer in a different way 
through the glare effects of exposed light sources in the field of view. With the intro- 
duction of gas-filled lamps having small, very bright filament systems, it was natural to 
associate the unpleasant glare effects accompanying the use of bare lamps with the 
very high brightness of the source. While the extensive study of glare effects does 
Not bear out the view that the control of glare is simply a matter of limiting the 
brightness or brightness contrasts in the field, brightness remains a dominating factor 
in the problem. 

Finally, the notion of brightness is closely bound up with the attempts made to 
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assess the value for lighting of illuminants of different colours. Put in another way, 
the problem was to compare the quantities of light emitted by coloured light sources. 
In the early years of the century, photometrists and illuminating engineers were much 
occupied with this question. The assumption underlying most of the work was that if 
two uniform light sources of different colour are arranged to illuminate, at equal 
distance, adjacent patches of a white (non-selective) diffusing surface, and if these 
patches appear to the eye equally bright, then the sources are of equal value for 
seeing purposes. Other solutions of the problem were also tried. For example, J. §. 
Dow(!) investigated the possibility of assigning equal lighting value to two illuminations 
of different colours if they give the same acuity of vision when allowed to fall in tum 
on a neutral (“ black and white”) test object. Although logical, this method proved 
too inaccurate for measurement purposes. The system now universally adopted for 
comparing quantities of light of different colour is based on heterochromatic brightness. 
matching. 

The properties of the eye and of the visual process generally are intimately 
concerned in the applications of the brightness concept in illuminating engineering 
which have just been described. The object of this paper is to examine the connection 
more closely. 

(2) Brightness and Retinal Illumination 


Consider a completely immobile eye viewing a perfectly diffusing surface. If 
the latter emits only monochromatic light of some particular wave-length A, its 
brightness can be specified in a purely physical way by giving the quantity b of 
radiational energy emitted per second by unit area. The lens system of the eye forms 
an image of the surface on the retina, and the illumination e in this image can be 
similarly expressed by the radiational energy received per second per unit area. If 
the brightness b is doubled, e is doubled and, generally, e is proportional to ), i.e, 
e = constant x b. If the whole field of view is occupied by objects emitting only 
monochromatic light of wave-length A, then the illumination at each point of the 
retina is determined by the brightness of the corresponding point in the external field 
in accordance with an equation similar to that just given. The absorption, in part, 
of the light falling on each small element of the retina, by photosensitive substances 
contained in the special retinal receptor cells—the rods and cones—sets going nerve, 
pulses in the nerve cells of the retina, which are finally relayed along the optic nerve 
to the brain. The complete system of nerve pulses carried by the optic nerve 
embodies all the information about the objects in the external field which is obtainable 
through the medium of the eye. Thus the importance of the brightness distribution 
in the external field resides in the fact that it is simply related to the distribution of 
retinal illumination, which may be regarded as the immediate stimulus to vision. 

The relation between brightness and retinal illumination is, however, not quite 
so simple as suggested. The constant in the equation e = const. x b involves the 
effective pupil area p: the larger the effective area the greater the retinal illumination 
for a given brightness, and the equation should be written e = const. x pb. For a 
given actual pupil size, the effective area diminishes as the point in the external field 
considered moves from the direction of vision to the extreme periphery. The factor 
allowing for this variation (Fig. 1) would be simply cos 9, where @ is the angle from 
the direction of view, but for the fact .that the pupil is imbedded in the optic media 
of the eye and lies in a plane which is not quite perpendicular to the direction 
mentioned. As a result the effective area does not diminish as rapidily as cos 4 and 
only vanishes when an angle of about 105 deg., ie., about 15 deg. behind the eye, is 
reached. 

It may also be expected that the size of the retinal image of an object of fixed 
angular area will vary as the object is moved from the centre to the periphery of the 
field, so that the retinal illumination for a given brightness will change for this reason. 
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Fig. 1. Factor giving the reduction in 
elective pupil area for objects displayed to the 
side of the direction of vision(?). 
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The changes caused in this way are not large, however, and for small objects they 
are overshadowed by others arising from the increasing astigmatism of the lens system. 
As a result of this astigmatism, a “ point” object is not brought to a “ point” focus, 
the rays in a horizontal plane through the pupil centre being focused in front of the 
rays in a vertical plane. (This assumes that the object is displaced to the side.) The 
horizontal and vertical focal lines so formed may lie one on either side of the retinal 
surface, or they may both be on one side, depending on the particular eye. The effect, 
however, is always to give a blurred patch on the retina, the size of which increases 
as the sideways displacement of the object increases. Using the peripheral astigmatism 
measurements of Ferree and Rand(?), a rough estimate can be made of the factor by 
which the retinal illumination in the image of a bare lamp is reduced by astigmatism 
as the lamp is moved from the centre to the edge of the field. Suppose, for simplicity, 
that the bare source is the ball of a 100-watt “ Pointolite”’ lamp of diameter 0.1 in., 
viewed at a distance of 6 ft. Assuming a 3-mm. pupil, it is found that the retinal 
illumination is reduced by astigmatism to about one-tenth when the lamp is moved 
60 deg. from the direction of vision. 

The rays striking the front surface of the eye do not all reach the layer of rods 
and cones in the retina. There is some absorption in the optic media of the eye, 
aid in the layers of the retina through which the light must pass before reaching the 
tds and cones. The latter absorption appears most marked in a region of the retina 
vhich corresponds in the external field to an area of about 8 deg. diameter, centred 
m the direction of vision. This area—the macula lutea—contains a yellow pigment. 
The most probable estimates of the transmission of the macular pigment and the optic 
media (Fig. 2) show that the losses are considerable only in the blue end of the spectrum. 
However, in addition to losses by true absorption, the rays passing through the eye 
ue partially scattered in the optic media and retina and partially reflected at the media 
interfaces. As a result, when a bright object is viewed there is not only a strong 
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retinal illumination in the optical image of the object, but some illumination of the 
whole retina. Small though it is, this illumination is one of the factors producing 
disability glare. It is most intense in the near neighbourhood of the image of the object, 
and theoretical treatments(>) of the scattering in the optic media and in the upper 
layers of the retina indicate that if a small bright source is imaged at one point of the 
retina, the scattered illumination at another point is proportional to pE/® where » 
is the effective area of the pupil, E is the illumination on the eye and @ is the angular 
separation of the directions in the external field corresponding to the retinal points 
in question. The theoretical treatments involve various assumptions and do not fix 
the absolute amount of scattered light. Le Grand(®) has made direct experimental 
measurements which provide a better guide. Using these, a calculation has been made 
of the distribution of retinal illumination within and around the image (a) of the 
Pointolite source already referred to, and (b) of an 8 in. diameter globe also at 6 ft 
distance (Fig. 3). These graphs show how rapidly the scattered illumination of the 
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source diminishes in moving away from the image of the source and its small value 
compared with the illumination in this image, particularly for the smaller source. 

For an object of fixed brightness (excluding very small objects in the peripheral 
field), the retinal illumination in and around the image is proportional to the actual 
pupil area. If the pupil is free to dilate or contract its diameter varies from about 
8 to about 2 mm., depending on the brightness in the field, or strictly on the retinal 
illumination. The connection between the retinal illumination and the pupil size is 
complicated. If a small area of the retina is illuminated to a fixed level, the pupil is 
smaller the nearer the retinal area to the central (foveal) region. If the size and 
brightness of a centrally fixated field are varied while keeping their product the same 
the pupil has minimum area for a field of 22 deg. diameter. In general the pupil is 
smaller the higher the brightness level, but recent measurements made outdoors on 
subjects viewing the sky show that as twilight comes on the pupil dilates regularly to 
about 5 mm. diameter and then remains nearly constant for a range of brightness of 
about 1 to 0.01 ft.-lamberts before dilating further (Fig. 4). It must be emphasised that 
the pupil size depends not only on the brightness distribution, but also on the con- 
vergence of the eyes and on mental influences. 















T T T T T T T eee T 
8 - =e wre aa 
i 
7 s 4 
€ 
E ¢f ’ 
iG 
Fig. 4. Variation of pupil SF ig 
diameter with brightness level. 5 
(Reeves(”) and Flamant(®). ) O 4 + 
z= 
2 af —-— Reeves (1918) 4 
ob —— Flamant (1948) x 
hist col l ee l are ane 





“6° -3' “4 +s.“ + Oo T 2 8 
LOGARITHM OF LUMINANCE IN FT.-LAMBERTS 


One further factor concerned with retinal illumination should be mentioned. The 
visual effect of a given retinal illumination has been found to depend on the angle of 
incidence of the rays. In fact, the retina behaves as a highly directional receptor 
system, provided that the retinal illumination is high enough to elicit the response of 
the cone receptor cells which are those normally concerned in daylight vision. On 
the other hand, the response of the retinal rods, the cells concerned in night vision, is 
nearly independent of angle of incidence (Fig. 5). For the cone system the directional 
eect has the result that the rays entering through the outer zones of the dilated pupil 
contribute very little to the visual response, and an 8 mm. pupil is equivalent to one 
of only half the area. This polar sensitivity is of little practical importance as the 
pupil is normally small in the conditions favouring cone vision. 


(3) Colour and Brightness 


As soon as it is necessary to go outside the simple case of a field of view in which 
all the objects emit monochromatic light of a particular wave-length, the purely physical 
specification of brightness breaks down. As already mentioned the accepted method 
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for assessing the values of lights of different spectral composition is based on 
heterochromatic brightness matching. A set of weighting factors V(A) has been it- 
ternationally agreed by photometrists and lighting engineers which ideally satisfies 
the following condition: If one diffusing surface emits energies F,, E,... E, of wave- 
lengths A,,A,...A, respectively, and another emits energies E,’, E,’... E,,’ of wave-lengths 
A,', Ag’ ... Am’ respectively, then the surfaces will appear equally bright to the eye when 


n m 
viewed under similar conditions if the weighted sums 2 E, V(A,) and 2 E’, V()’,) are 
equal. V(A) or V) is the familar quantity called at various times the relative visibility, 
relative luminosity and relative luminous efficiency of spectral light of wave-length ). 
Using the definition of the candela in terms of the brightness of a cavity radiator 
(back-body) at the temperature of freezing platinum, it can be shown that if the 


. ‘ : .. 680 
“energies” E, are expressed in watts per unit area, the quantity = x E, V(\) 
us 


gives the photometric brightness or, as it is now known, the luminance of the surface 
in candelas per unit area.* 

The brightness matching measurements on which the agreed factors V) were 
based were made at moderate luminance with small matching fields of about 2 deg. 
diameter. This means that the factors embody those properties of a small central 
area of the retina (the fovea) which are concerned in the comparison of apparent 
brightness of differently coloured areas. At the present time some doubt exists 
whether the agreed factors V, are entirely satisfactory—even under these special 
conditions—for wave-lengths in the extremities of the spectrum. This question is being 
re-examined. It can probably be assumed, however, that for most of the spectrum 
the present values are substantially correct. Two questions suggest themselves: (a) 
If a visual task is being performed, and a change is made in the colours of the objects 
imaged on the foveal retina, keeping their luminances and all other conditions the 
same, is the facility with which the task is performed the same? (b) in determining 
the visual effects of objects (including light sources) which are imaged on parts of 
the retina other than the fovea or which have very low or very high luminances, does 





* Wherever it seems desirable to make quite clear that the quantity just defined is intended in what follows 
the precise term ‘‘luminance’’ is used: otherwise luminance and the vaguer but more familiar term 
“* brightness ’"’ are used as convenient. 
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the same set of weighting factors V, apply? In the first question, suppose first that 
objects are themselves uncoloured, i.e., that they reflect all wave-lengths equally or 
nearly so, and that the change of colour is brought about by changing the illuminant. 
Taking the visual acuity of the eye as a measure of the ease of performance of the 
visual task, experiment shows that changing the colour has little effect provided the 
luminances are kept the same. There is, however, one exception, which has been 
much studied, where a small but definite difference has been clearly established. Visual 
acuity in the almost completely monochromatic light of a sodium lamp is a little 
higher than in white (tungsten-filament) light (Fig. 6). The lens system of the eye 
is not corrected for chromatic aberration, so that light containing wave-lengths extend- 
ing over a wide range of the spectrum can never be so sharply focused on the retina as 
strictly monochromatic light. This is generally believed to be the cause of the higher 
acuity in sodium light. Small though it is, the difference indicates that for con- 
ditions in which visual acuity is a satisfactory indicator of the ease of vision, the 
luminance in white light must be several times the luminance in sodium light to give 
the same result. This is a breakdown—although perhaps not a serious one—of the 
brightness concept and of the notion of visibility factors. Suppose secondly that 
the objects themselves have different colours. Clearly the consideration of luminance 
alone is now quite inadequate. A red object and a green surround may have the 
same luminance and present no brightness contrast, but the object may be easily 
visible. A change to an illuminant of a different colour will usually alter the relative 
luminances of the objects as well as their respective colours, even though the average 
luminance in the foveal field is kept constant. The problems raised here can only 
be dealt with by employing the methods of trichromatic colorimetry—in effect by 
considering for each object surface three weighted sums, similar to Y E, V(A,), one 
of which represents the luminance, and the other two complete the specification of 
the colour. The need to consider three quantities instead of one corresponds to 
the fact that in the retina there are in all probability three receptor types concerned 
in vision at high brightness levels, each having its specific relative spectral sensitivity 
curve. It cannot be assumed however that the three sets of weighting factors (the 
C.LE. set) used by colorimetrists to evaluate the so-called C.I.E. tristimulus values of 
an emitting surface (the luminance plus two others), necessarily coincide with the actual 
spectral sensitivities of the receptor types. This is because any different system of 
three sets of weighting factors obtained from the first by a linear transformation would 
equally well satisfy the experimental colour-matching measurements from which the 
colorimetrist’s weighting factors were originally derived. When the visibility of colour 
differences has to be considered, however, it is probable that the problems will be 
simplest if the sets of weighting factors used actually correspond to the spectral 
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sensitivities of the retinal receptors. Certainly the work already done on the 
visibility of small colour differences indicates that the C.I.E. factors are not the most 
suitable for expressing the results of such measurements. In recent years illuminating 
engineers have been obliged to consider the colours presented by objects under different 
illuminants, in connection not so much with the visibility of colour differences as with 
changes in the perceived colours of familiar objects. It has been assumed in the past 
that in illuminating engineering it is sufficient to discuss facility of vision as though 
all objects were uncoloured, and this assumption is adequate in many cases. The 
work now being done on colour-rendering may help in handling problems where the 
visibility of colour differences must be considered. 

A simplifying property of the foveal retina is that the same receptors—the cones 
or daylight receptors—continue to operate as the brightness level is reduced, until 
finally the incident radiation is insufficient to elicit any sensation of light. The retina 
outside the foveal area (the foveal diameter corresponds to about 2 deg. in the external 
field) contains both cone and rod receptors and, at the lower brightness levels, the 
rod system becomes more sensitive than the cone system and takes over the perception 
of light. At these lower levels the observer tends unconsciously to look to the side 
of any small object which is difficult to see in direct vision. The rod receptors have 
a spectral sensitivity curve which is displaced by a considerable amount towards the 
blue end of the spectrum as compared with the curve of V,, which represents the 
spectral sensitivity (as regards brightness) of the cone receptors. This is the familiar 
Purkinje shift. Rod vision is simpler than cone vision because the light of all wave- 
lengths produces the same sensation—a white, sometimes described as “ bluish” or 
“greenish.” Probably all the rod receptors have substantially the same spectral 
sensitivity and the weighting factors V’) recently agreed by the twelfth Session of the 
C.LE. (1951) at Stockholm, for evaluating brightness in rod vision can be identified with 
the spectral sensitivity of the rods as modified by the selective transmission of the eye. 
Taking these factors V’, as basis in place of V\, a complete photometric system (the 
scotopic system) can be defined in which all the ordinary photometric quantities and 
units—luminance, illumination, candela, etc.—have their analogues. These are dis- 
tinguished by adding to the name the adjective scotopic—scotopic luminance, scotopic 
illumination, scotopic candela, etc. 

What then are the weighting factors to be used in evaluating brightness when the 
region of the retina illuminated is outside the fovea and when the brightness level is 
high? The experimental evidence here is rather scanty, but it appears that if the 
brightness level is in fact high enough for the cone receptors to have taken over from 
the rod receptors then the foveal V, values apply except that the extrafoveal factors 
are somewhat higher in the blue end of the spectrum. Such a difference in the blue 
may be expected .from the fact that the yellow pigment in the upper layers of the 
retina is mainly concentrated in an area of several degrees diameter centred in the 
fovea. It is not certain, however, that the weighting factors to be used in determining 
the brightness of differently coloured sources imaged on the extrafoveal retina will 
apply in assessing other visual effects, for example, glare effects. In studying the 
dazzling action of gun flashes on men working in a dim light, it was found by 
Crawford(!3) that the scotopic or rod value of the flash and not the photopic or cont 
value was the determining factor, although the flash brightnesses were well in the 
photopic region. 

The way in which the transition from rod to cone vision occurs as the brightness 
level is raised is of considerable interest. One method of studying the transition 
to determine the weighting factors for various monochromatic lights by matching 
with a white—say the standard given by a black body at the temperature of freezing 
platinum—at various luminances of the white, using extrafoveal vision. Experiments 
show that at white luminances below about 3 x 10~-4ft.-lamberts (natural pupil) the 
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results agree substantially with the scotopic factors V’,, As the white luminance 
increases the curve of V’) against ) is progressively modified, first by an increase in 
the values in the red region of the spectrum and then by a shift of the whole curve, 
which at a luminance of about 3 ft.-lamberts closely approaches the photopic curve 
V) (#4). It would seem that in addition to the scotopic and photopic curves (V’, and 
V)) it will be necessary to define curves appropriate to intermediate luminances in the 
range 3 x 10-4 to 3 ft.-lamberts. These intermediate curves are less simple than the 
extreme curves, of which they are in a certain sense compounds in various proportions. 
In practice it may prove preferable to handle problems in the transition region, not 
by determining luminance according to a particular intermediate curve, but by using 
the pair of numbers expressing the full scotopic and full photopic luminances. For 
example, suppose the visibility of a brightness difference is in question between sur- 
faces 1 and 2 having scotopic and photopic luminances L’, and L, and L’,and L, 
respectively. Experimental data are available giving the smallest perceptible difference 
of scotopic luminance AL’ = f(L’,) for various scotopic luminances L’ under condi- 
tions where it is reasonably certain that the rods are the dominating receptors. 
Similarly the smallest difference of photopic luminance 4L = g(L) as a function of L 
under conditions of predominantly cone vision is known. The ratio 


[L',;— L!,]/AL=]L', — L'2]/ f ( at?) 


then gives a rough measure of the visibility of the brightness difference which would 
be provided by the rod mechanism acting alone; 


JL, — Lf |4L=]L, — Lf jaf PEE) 


gives a similar measure for the cone mechanism. As a first approximation the actual 
visibility may be taken as the greater of the two ratios just defined and an answer to 
the visibility problem is obtained, without recourse to curves of weighting factors for 
intermediate luminance levels. The two methods of treatment are not inconsistent. 
It has, in fact, been shown('5) that by a slight elaboration of this method weighting 
factor curves can be derived which are very similar to the experimental curves obtained 
by matching monochromatic lights with a white standard at various luminance levels. 


(4) Glare and Brightness 


Glare effects are commonly associated with excessive brightness. Often it is not 
the absolute brightness which is objectionable, but the relative brightness of one part 
of the field with respect to the general level, or the brightness compared with that to 
which the eye has previously been adapted. However, it will be useful to look at 
the whole range of brightnesses to which the eye could be exposed, to see if the 
Properties of the visual mechanism signal out any particular levels which might have 
some connection with glare effects. 

As the pupil area will vary widely over the luminance range to be considered, 
itis preferable to work with the product of the luminance and the pupil area (normal 
view)—a quantity which specifies more nearly the retinal illumination. The unit of 
this product is commonly taken to be the photon or troland which is defined as the 
tetinal illumination corresponding to a luminance of 1 candela/sq. m. seen through 
a pupil of area 1 sq. mm. In Fig. 7 the ordinate represents on a logarithmic scale 
Tetinal illumination in trolands (scale numbers on the left), while the scale numbers 
on the right show the luminances. which, if occupying a large field viewed by an eye 
with the natural pupil, would provide the same retinal illumination. The abscissa of 
Fig. 7 represents the colour of the luminance, monochromatic or white. 

Beginning at the lowest levels, the curve A and the point A show the retinal 


Val. XVII, No. 9, 1952 249 





W. S. STILES 




















10 
£ Pe commer EEC mR “ 
10 
10} — B {ans 
= a DISK 
B-e 108 
8 LUMINANCE 
10" -— PATHOLOGICAL IN 
AFTER -IMAGES FOOT —s 
int 10 
mn” 
a 6 
$ ae PERSISTENT AFTER -IMAGES 
a 
re) 104 {fgene 
< z=) —~—/ NOON 
FE 4 ; SKY 
ie “TY Soamack 
re) 10? IN AVERAGE 
al E+o NOON DAYLIGHT 
< 2 (SUMMER) 
z 10° | EF STANDARD 
= BRIGHTNESS 
= PHOTOMETRY 
> (IVES) 
| 2 
=~ tke F —!0 EARTHS 
2 G —14 SURFACE 
- IN FULL 
z o-w MOONLIGHT 
i 4 
- <e 10 
a '0 f—- _ EARTH'S 
EXTRAFOVEAL _|_J supFACE 
a - 
a4) . A-x ioe | 
10 = 
A 
ss —io8 
i) Se a Oe cee 5 
WAVELENGTH: 400 mp. 500 700 WHITE NATURAL 
MONOCHROMATIC LIGHT eae! st ty 


Fig. 7. Special brightness levels of interest in vision. A, absolute threshold for rod vision(large test 

object, long exposure, extrafoveal vision)(2°); _B, level at which retinal burns are produced('®); C, 

level at which the cone mechanism of the retina undergoes some radical modification('7)('*) ;_ D, level 

at which “‘dancing dots” appear in blue light ; E, level at which the rod mechanism saturates (tentative) 

('*); F, chromatic threshold (large test object)('®); G, absolute threshold for cone vision (46 min. 
test object, long exposure, foveal vision)(?°). 


illumination at which a fairly large luminous area, 10 or more degrees in diameter, 
becomes just visible to the dark-adapted eye. The retinal receptors concerned are the 
rods, and as the retinal illuminations are expressed in photopic (cone) units, the value 
required for red light is several thousand times that for blue. This results mainly from 
the Purkinje shift. Going to the other extreme, the curve B and point B—which are 
much more tentative—represent the retinal illuminations at which the image of 2 
bright object 5 deg. in diameter exposed for 30 sec. would produce an observable 
retinal burn. Eccles and Flynn(!) studied the effects of these very high brightnesses on 
the retinae of rabbits, and concluded that the lesions produced were determined by the 
energy absorbed and did not depend on the wave-length of the radiation. Using this 
conclusion, and their quantitative estimate of the lowest energy necessary to provide 4 
burn (2.77 x 10-2 watts per sq. mm. of retina acting for 30 sec.), the B curve and point 
have been calculated. The retinal illumination in the sun’s image is about 5 x 10° 
trolands for a 2-mm. pupil, and a lesion is produced by 2 x 10° trolands. But this 
second figure refers to a 5-deg.-diameter patch, against the sun’s 4-deg. diameter as 
seen with the naked eye. It is, in fact, uncertain whether a retinal burn would be 
produced if it were possible to stare at the sun for 30 sec. with the naked eye. The 
practical danger of eclipse-blindness arises from the use of telescopes, and of filters 
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transparent in the infra-red, which, by reducing the visible radiation, make prolonged 
observation possible. 

These extremes of retinal illumination cover the enormous range of one to 50 
million million (for white light), over a large part of which the visual mechanism 
functions normally and usefully. However there is a region of high luminance below 
the retinal burn level, exposure to which for any length of time produces after-images 
which may persist for weeks or months in severe cases, and which are properly regarded 
as pathological. There is no sharp distinction between effects of this kind and after- 
images lasting several minutes which interfere with vision but can hardly be classed 
as injurious. Time of exposure is important. For example, in working with a 10-deg. 
field* of yellow light obtained from the yellow lines of a compact-source mercury 
discharge-lamp, the author viewed a iuminance of 130,000 trolands continuously for 
a period of three hours, and as a result set up an after-image which took a week to 
fade completely. On the other hand, the after-image, following some five minutes’ 
exposure to the maximum luminance of this colour obtainable in the author’s 
apparatus—1,000,000 trolands—lasted no longer than a few minutes. By special 
devices, the very brief after-images following exposure to lower luminances nearly down 
to the threshold of vision can be observed. 

From our present knowledge of after-images it seems that no particular luminance 
level is specially significant. But other evidence leads to the interesting conclusion 
that as the luminance to which the eye is exposed is raised from very low to very 
high values the visual process undergoes a radical modification in a region round 
about 20,000 trolands, at least as far as green, yellow, red or white luminances are 
concerned. The most direct indication of the change is provided by observing the 
apparent colour of the field. Taking mercury green light (A = 546 my) the green 
colour is maintained with little change until the critical region is reached when the 
field tends initially to look blotchy, and changes to a predominantly yellow colour. 
With further increase of luminance there occurs a progressive desaturation of the 
yellow. For red light, on the other hand, the colour changes to green in the critical 
region. For yellow (Hg: 577 and 579 my) the critical region is marked by the 
setting-in of an instability of colour with initial alternations of yellow and green. Also 
for white, temporal changes in colour, white to green to blue to red ending with a 
desaturated purple—are observed at and above the critical region. Estimates for 
two subjects of the luminances at which these changes begin are shown as the points 
C in Fig. 7. 

Wright’s(!7) binocular-matching method of studying colour-adaptation has shown 
that when the eye is recovering from exposure to a high luminance, the recovery 
curves, which represent the amounts of red and green primaries (seen by the unfatigued 
eye) required to match a test colour (seen by the fatigued eye), exhibit irregularities 
When the fatiguing luminance exceeds about 10,000 trolands. The author’s two- 
colour threshold method of studying colour-adaptation has also revealed anomalies 
which occur when blue test stimuli are observed on green or red fields of luminance 
corresponding to retinal illuminations of more than about 20,000 trolands(!%). 

While too few observers have been used in the observations described above to 
say very much about the feelings of discomfort experienced, it seems to be roughly 
true that on first looking at luminances at or about the critical region, subjects who 
have been indoors in artificially lighted rooms tend to describe the stimulus field as 
“intolerably bright.” 

To sum up, there is evidence from several directions of a critical luminance region 
of some 10,000 to 40,000 trolands which may be of importance in the glare problem. 

For blue and violet light it is difficult to obtain very high luminances, but 
there is a well-known phenomenon observable with these colours which occurs at a 
luminance much lower than 20,000 trolands. This is the appearance of “ dancing 
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dots” in the visual field. Each small bright dot appears suddenly, moves on a rapid 
irregular course of a few degrees across the field and disappears: the dots never 
encroach on a central area of the field corresponding approximately to the foveal 
retina. From some recent observations, using the blue and violet lines of the mercury 
arc, it is estimated that the dots are visible at a luminance of about 50 trolands or 
more. The dots are commonly believed to be caused by red blood corpuscles moving 
in capillary blood vessels, but in what manner they act is difficult to see. Haemoglobin 
has a strong absorption band in the blue-violet region, but this might be expected 
to produce dark, not bright, spots, if the corpuscles are merely casting shadows on 
the rod and cone layer of the retina. Whatever the cause of the phenomenon, there is 
no doubt that it is a source of visual discomfort when making observations with 
high intensity blue fields. 

It would be of particular interest in connection with glare, if it should appear 
that at and above a certain retinal illumination, the visual mechanism was working 
“full out,” so that the eye would be unable to distinguish the parts of a pattern of 
different luminances, all of which produced retinal illuminations above the critical 
value in question. For the mechanism of rod vision there is a little evidence—perhaps 
no more than a hint—that such a saturation level exists(!*). Using the two-colour 
threshold method which turns to account the different spectral sensitivities of different 
retinal mechanisms, it is possible in effect to determine for various levels of scotopic 
luminance L’ the smallest difference of scotopic luminance 4L’, which can just be 
detected by means of the rod mechanism. lf AL’/L’ were a constant, the rod 
mechanism would satisfy the familiar Weber's Law. Over a considerable range of 
scotopic luminance (about 3 log units), 4L’/L’, although not constant, varies only 
slowly, diminishing as the scotopic luminance increases, but at a certain level it begins 
to increase rapidly. Unfortunately, it is difficult to prevent the interference of the 
cone mechanism at high luminances, but it is estimated from the few data available at 
present that JL’/L’ would reach a very high value (100 or more), i.e., that the rod 
mechanism would become saturated, at a scotopic illumination of the retina of about 
600 scotopic trolands. The corresponding photopic trolands for lights of various colours 
are shown as curve and point E in Fig. 7. A further investigation of this problem 
is being made at the National Physical Laboratory. It appears that the cone 
mechanism does not show similar signs of saturation even at a much higher level—at 
least as regards the “ green” and “ red” cone systems of trichromatic theory. For the 
“blue” system there is a slight indication of a sharp rise in the Weber fraction for 
photopic luminances of mercury blue light (A =: 435.8 mp) exceeding about 200 
trolands (photopic). 

The remaining curves in Fig. 7 represent respectively the luminances at which the 
colour of monochromatic stimuli can just be distinguished (curve F) and the threshold 
juminance for the detection of a small light patch by foveal cone vision (curve G). 


(5) Glare Effects Involving Interaction 

The previous discussion was directed to finding critical retinal illuminations at 
which some significant change of properties is produced in or associated with the retinal 
region actually illuminated. Turning to the effect of light in one part of the visual 
field on vision in another part, there are several ways in which such interaction might 
conceivably come about. These include (a) the purely physical processes of light 
scattering, etc., which lead to a retinal illumination outside the actual image of the 
perturbing light; (b) the diffusion of photo-sensitive substances from one part of the 
retina to another, resulting in reduced concentrations in the neighbourhood of a region 
of intense stimulation; (c) the interaction in the multilayer network of nerve cells 
contained in the retina; (d) the interaction at higher levels of nerve activity in the 
brain. The second of these possibilities is no more than a theoretical speculation, but 
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there is no doubt that both light scattering and nervous interaction occur, and probably 
either may be the dominant factor depending on the conditions and method of 
observation. In studies of the effect of an intense light source on vision at another 
part of the field two main experimental methods have been used :— 

(i) the determination of the smallest perceptible difference between two 
juxtaposed light patches in the test area, in the absence and in the presence 
of the intense source (the threshold method); 

(ii) the determination by the binocular matching technique of the apparent 
brightness of a single light patch in the test area, for the same two condi- 
tions (the apparent brightness method). 

Without going into detail, the results of the investigations by the threshold method 
can be expressed conveniently by saying that vision is modified as if the source inter- 
posed a veil of light between the eye and the test area, the luminance y_ of this veil 
being dependent on the luminance B, of the source, its angular area w and its 
angular separation from the test area 9, according to the formula: y = B,w/6". 
(n = 2, k = 10 with w in steradians, 4 in degrees, appear to be the best values for 
k and n to suit a test area in the direction of vision, for 9 in the range 1-30 degrees.) 
The threshold measurements themselves do not determine whether the retinal image of 
the test area does in fact receive an illumination by scattering in the eye of light 
from the source, of an amount corresponding to the veiling luminance y. Reference 
has already been made to Le Grand’s determinations of the magnitude of the scattered 
illumination of the retina. He also compared his values with the retinal illumination 
necessary to account completely for the veiling luminance derived by the threshold 
method. His best estimates of the proportion of the veiling luminance which could 
be attributed to actual scattered light on the test area may be summarised as follows : 

_ (degrees) 1 2 5 10 30 

Proportion of veiling 

luminance attributable 

to scattered light.... 0.92 0.80 0.56 0.50 0.46 


It is probable, therefore, that the difficulty of seeing brightness contrasts in the near 
neighbourhood of a light source is mainly attributable to scattered light, but that at 
greater angular distances other factors, presumably nervous interaction, become more 
important. 

The measurements(2!) which have been made of the effect of an intense source on 
the apparent brightness of surrounding objects show that the quantity B,w/? determines 


the factor g by which the apparent brightness is reduced € —l= Byu)0). Thus keep- 


ing all other conditions the same and increasing 9 and B, so that B,/? remains 
constant, no variation in apparent brightness will occur. But the veiling luminance 
depends on B,/6?, so that it will be reduced and the effect on the perception of bright- 
ness differences will'be less. Thus the results by the two methods although leading 
to generally similar practical conclusions are not quantitatively in agreement. Probably 
the same factors are involved but their relative importance is different in the two cases. 
Schouten, the principal worker on apparent brightness in the presence of glare 
assigns a very minor role to scattered light. He describes experiments proving, at 
last for sources imaged on the peripheral retina, that nervous interaction rather than 
sattered light is responsible for the drop in the apparent brightness of objects seen in 
the direction of vision. 

The microscopic examination of the retina shows that the receptor cells—the rods 
and cones—are linked by their own outgoing nerve fibres to the receiving fibres of 
other nerve cells—the bipolars—and these in turn are similarly linked to cells of a 
third type—the ganglion cells. Both bipolars and ganglions are located in the actual 
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retina, except that the very long outgoing fibres of the ganglion cells all pass out of 
the eye as a bundle forming the optic nerve. In a very small central area of the foveal 
retina each cone cell appears to have its own exclusive bipolar and ganglion cell—a 
private line to the brain, in fact. In moving out from this area, however, the cells 
are increasingly grouped together by feeding into a common cell in the next stage, 
Also cells appear which cross-link bipolars to neighbouring bipolars, ganglion cells to 
neighbouring ganglion cells. Thus the nerve structure of the retina provides increasing 
facilities for interaction in going from centre to periphery. Studies of the electric 
pulses generated in a particular optic nerve fibre of the frog’s eye have shown quite 
clearly that on applying a tiny spot of light to the retina, a response is obtained over 
a considerable retinal area comprising tens of thousands of receptor cells. But work 
on these lines while supporting the general notion of nervous interactions, is a very 
long way from showing in quantitative terms how interaction operates in human vision. 

How far then can the results of the threshold and apparent brightness methods 
be applied to deduce working rules for the control of glare? Where the effect on 
vision is large, the formula for veiling luminance is of considerable value and has 
been much used in attempts to specify beam distributions for limiting headlight glare. 
But when the effects are small they tend to be swamped by the inaccuracies of the 
measurements. Moreover certain small effects are known to occur which the 
formula makes no attempt to include. Thus, given a large bright surround to a small 
working area of much lower luminance the formula for veiling luminance may be 
used to determine the increase in the smallest perceptible difference. The result agrees 
tolerably well with direct measurements. But the formula would suggest that if the 
surround is completely dark AJL should be slightly smaller than for a surround of the 
same luminance as the working area. Actually it is slightly greater. 

In applying measurements of apparent brightness another point arises. To the 
accuracy obtainable in such measurements—which is not high—the results specify 
correctly the impression of brightness. But it cannot be assumed that because in a 
certain set of conditions the apparent brightnesses in the working area are higher than 
in another set, the visual task is performed more easily or more comfortably. 
Thus in the example just considered, a dark surround will make the working area 
appear a little brighter than when the surround has the same brightness as the working 
area. But the facility of vision, measured by the smallest perceptible luminance 
difference, is slightly reduced. Again, on first looking at a bright field, the apparent 
brightness is high and then drops, but the ease of vision changes in the opposite sense. 

It is generally agreed that glare situations in which the measurable effect on 
vision is nil or very slight, may nevertheless be most uncomfortable and may in the 
long run reduce the general efficiency and well-being of the individual. Two main 
approaches to the problem have been made. On the one hand it has been assumed 
that the extra strain or effort in working in uncomfortable conditions will show itself 
in some involuntary reaction in one or other of the nicely poised physiological 
mechanisms of the body. Luckiesh(??) and his collaborators, following this line of 
investigation, have determined under different lighting conditions differences in the 
rate of blinking, in the involuntary pressure applied to a key on which the hand rests, 
in the heart rate, and in the fatigue of the muscles by which the convergence of the eyes 
is controlled. As applied to discomfort glare, the principle of these measurements 
is as follows: the test quantity—pressure exerted by the hand, say—is determined 
under glare-free conditions for several brightness levels and shows in general a pro 
gressive increase or decrease with brightness. The objectionable effect of glare is 
then expected to change the measured value in the same sense as a reduction of the 
brightness level. Luckiesh finds that on the whole this expectation is realised. It 
remains to be seen whether the methods can be developed to discriminate reliably 
between different degrees of glare in diverse situations. 

In contrast to “involuntary reaction,” “thoughtful appraisal” is the basis of 
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the other main development in the study of discomfort glare. The germ of the 
appraisal method is already contained in the attempts made in 1924 by a committee 
of lighting experts to assess the relative glare in a number of streetlighting installations 
which were inspected in turn. More systematic comparisons were made in large- 
scale streetlighting experiments in Sheffield (1928) and Leicester(23) (1930), one con- 
clusion from the Leicester experiment being that the principal factor controlling 
observers’ glare judgments was discomfort glare even when they tried to concentrate 
on the effect on visibility. The application of the appraisal method in laboratory 
experiments began with an investigation by Holladay, whose observers were asked to 
classify the sensation produced by a bright source suddenly exposed on a uniformly 
bright field under one of 13 heads ranging from scarcely noticeable through pleasant 
and comfortable to intolerable and irritating.  Holladay’s results and those of later 
workers are represented approximately by formulae of the type: — 





B m ww" 
Glare constant (G) = B 
where 
B, = source luminance 
B = luminance of the surrounding field (assumed uniform) 
w = angular area of the source 


m,n = constants. 
For a particular description of discomfort glare—just uncomfortable, say—G has a 
particular value and the formula then defines the sets of values of B,, B and w which 
produce such glare. In Table I are given the values of m and n obtained in different 
investigations with some notes on the conditions of experiment. 

The fact that n is not negligibly small shows that discomfort glare varies with 
source size, and is not dependent only on the brightnesses of source and surround. 
If m were equal to n discomfort glare would involve the source only through its 
candle-power I divided by the square of its distance d (i.e., through the illumination 


m 
E=1/d? produced at the eye) since Ba” -(4) = E™. Actually m greatly exceeds 


n (except in Hopkinson’s formula, which refers mainly to small bright sources on fairly 
low brightness fields in streetlighting), so that discomfort glare is predominantly a 
brightness effect. Finally, as m is greater than unity, discomfort glare from a source 
of given size is not determined solely by the brightness ratio, B,/B; the absolute 
brightness also plays a part. On the effect of angular displacements of the glare source 
from the centre of the field, investigators are generally agreed that discomfort glare 
(unlike disability glare) diminishes only slightly at first but falls off rapidly at angles 
greater than about 50 deg. 

If the ranges of validity of the above formulae were not limited the formulae 
would imply that any prescribed glare condition (corresponding to a particular value 
of G) would occur when the surround brightness equalled the source brightness, 
provided the latter brightness was taken sufficiently high. This would mean that an 
extended uniform field of the common source and surround brightness would be glaring 
“in its own right.” Petherbridge and Hopkinson make the important point that the 
plot of log B, against log B, where B, and B are pairs of values at which a particular 
degree of discomfort glare is present, is probably not a straight line (as the formulae 
would require), but an S-shaped curve, tending at high surround brightnesses to a 
source brightness which is always glaring, and at low surround brightnesses to one 
which is never glaring. In Fig. 8 are plotted four such curves for a source of 2.7 x 10-2 
Steradians area and for the criteria just intolerable (A), just uncomfortable (B), just 
acceptable (C), and just imperceptible (D). These curves were obtained from Pether- 
bridge and Hopkinson’s naper, A and D directly from their Fig. 8, and B and C from 
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Fig. 8. Relation between source and surround brightness for different degrees of discomfort glare. 


(Petherbridge and Hopkinson(?8).) 


other information given in the paper. The intercepts of these curves with the 45-deg. 
line, representing equal source and surround brightness, correspond to extended 
brightnesses, which exhibit the respective glare properties “in their own right.” It is 
of interest to compare these levels with the level of 20,000 trolands which the earlier 
examination of visual properties indicated as possibly a critical one. In translating 
20,000 trolands into luminance units, a pupil diameter of 2.3 mm. has been assumed, 
which is the average value appropriate to the resulting luminance—1,500 ft.-lamberts. 
This value is seen (Fig. 8) to lie between the intercept points of curves D and C, and 
corresponds to just noticeable discomfort glare. 

For the limit considered in the previous paragraph, discomfort glare may be 
related to the marked change in retinal properties which occurs at about 20,000 trolands. 
Even if this is so, the discomfort experienced with sources of much lower brightness 
in suitably low-brightness surrounds must arise in a different way, connected with the 
differential loading of neighbouring retinal areas. It must be confessed that our present 
knowledge of interaction effects in the retina gives no indication of critical ratios of 
stimulation of neighbouring areas at which abrupt or qualitative changes occur which 
could be correlated with the setting-in of discomfort. 


(6) Use of Brightness in Specifications 


The extent to which brightness will be used in illuminating engineering for specify- 
ing requirements and for the control of lighting depends on a number of other 
considerations besides the purely visual ones. For example, it does not seem that any 
very useful purpose would be served by trying to introduce recommended luminances 
in place of recommended illuminations in the I.E.S. Code. The assessment of the 
appropriate size and reflection factor for particular tasks—not always an easy job— 
has been carried out “once and for all” by the compilers of the schedule of recom- 
mended values, and the practising illuminating engineer is provided with information 
in the form most easily applicable. It is in connection with glare and the general 
distribution of light in the field outside a relatively small working area that the trend 
towards specifying brightness and brightness ratios is most in evidence. Examination 
of the various formulae for disability and discomfort glare shows, however, that the 
effects cannot be controlled by simple limits on brightness and brightness ratio. It 
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is true that by sufficiently elaborate tables any of the experimental formulae could be 
put in a form usable in practice, but the illuminating engineer would no doubt prefer 
some simple rule, even if it entails departing to some degree from the original data, 
To take an example, the excellent work of Petherbridge and Hopkinson suggests that 
for freedom from discomfort glare in interior lighting—(a) no source should have a 
luminance exceeding about 2,000 ft.-lamberts; (b) areas of luminance below 5 ft.- 
lamberts can be ignored; (c) sources between these luminance limits contribute to a 
discomfort glare figure G the amount B,’° w?*/B; (d) sources beyond about 50 
deg. from the direction of view can be ignored; (e) several sources of the same lumin- 
ance can be treated as a single source of the same total angular area. Suppose in a 
given installation all the sources within 50 deg. have the same luminance B, lying 
between 5 and 2,000 ft.-lamberts, their angular areas being w,, w, .. w,. The glare 
figure for the installation is then 

1.6 1.6 
G => (coy + wen)? =F 298 
where 2 is the total angular area. But, approximately, B,{ is the total illumina- 
tion at the eye from all the sources (E). Thus raising both sides to the power 
1/0.8 = 1.25, the result 





BQ _ B, ,. 


na... ay y 
G id B15 ~~ Bl.25 


is obtained. It may well be that a distortion of the basic data corresponding to the 
substitution of B,/B for B,/B’” would be acceptable in practice. If so this would 


. . : B , ; 
give the relatively simple expression =" E, for the glare figure in what is probably 


a rather common lighting situation. This example is mentioned to emphasise that 
important as is the brightness concept in handling glare effects, other quantities, for 
example, the eye illumination E may also prove of service. 


(7) Conclusion 


At the beginning of this paper stress was laid on the importance of the brightness, 


distribution in the external field as being the nearest approach outside the eye to the 
immediate stimulus of vision. Later, some inadequacies of the brightness concept 
when dealing with coloured light were mentioned and also the fact that in glare 
formulae brightnesses, angular areas and angular positions occur in combinations which 
may make it desirable to use quantities other than brightness in formulating simple 
rules. Taken as a whole, however, the increasing preoccupation of the illuminating 
engineer with brightness must be reckoned a very real advance. 
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Discussion 


Mr. H. C. WESTON : I was very interested in Dr. Stiles’ paper. There is nothing 
to argue about and I think he has given us a most valuable paper full of facts. One 
thing strikes me particularly and that is that Dr. Stiles has made it abundantly clear 
that what we are really concerned with is retinal illumination. He does not use the 
term “brightness engineering” at all. Of course, it is very right and proper for 
illuminating engineers to be much concerned with brightness and nowadays it is rather 
fashionable to speak of “ brightness engineering”; it seems to be thought that this 
goes deeper to the heart of the matter than “illuminating engineering,” but surely 
Dr. Stiles has disposed of that argument. We are concerned with illuminating 
engineering—illuminating eyes—and I, personally, am grateful to Dr. Stiles for having 
made that so clear. 

From its inception this Society has been discussing brightness—the very first paper 
at the first technical meeting of the Society being given by Sir John Parsons on 
Glare. It is interesting to recall that in the discussion on Sir John Parsons’ paper 
forty-two years ago, Professor Weber put forward some suggestions for the avoidance 
of glare. I think you may like to be reminded of these because it seems to me that 
in spite of the work that has been done since—which has been very valuable and worth 
while doing—so far as the practising illuminating engineer is concerned we have not 
extracted very much more information. Prof. Weber suggested that the brightness 
of light sources in interiors should be limited to that of the ordinary candle flame, i.e., 
about 24 cd./in.2 which approaches the value Dr. Stiles mentioned as producing the 
critical retinal illumination of 20,000 trolands. Prof. Weber also advocated the placing 
of light sources outside an angle of 30 deg. from the line of vision, and suggested a 
limiting ratio for the brightness of the source to that of the surroundings, the ratio 
suggested being 100 : 1. I have been looking at some of the recent papers on the 
‘ubject of brightness engineering and it seems to me that recent investigations have 
shown that Prof. Weber’s recommendations are still good ones. 

Dr. Stiles’ paper is so “ meaty” that I would urge that it should be studied care- 
fully at leisure. He has, of course, dealt with some aspects of his subject which are 
alittle out of the ordinary so far as most of us are concerned and are chiefly important 
in relation to special problems. I thank him for one omission—I searched the paper 
i vain for any reference to that ill-defined “ property” called “ quality of lighting.” 
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This is another modern innovation which seems to me of doubtful value. He speaks 
of the quality of the light and this, I think, we all understand perfectly well. 

In spite of the fact that Dr. Stiles is accustomed to being rigorous in dealing with 
the problems with which he is especially concerned, he is not uncompromising, as you 
will notice from the concluding section of his paper in which he suggests that some 
distortion of the basic data relating to discomfort glare would be acceptable in practice. 
I think we have to recognise that in practical illuminating engineering we have to 
extract from the many valuable investigations which have been carried out in different 
countries some fairly simple rules which the illuminating engineer can use. We have 
tried to do that in the I.E.S. Code and hope to do better in the next edition. 


Mr. S. S. BeGGs: It gives me great pleasure to speak in this discussion because | 
have known Dr. Stiles for a long time. A good many years ago, when I was new to 
the lighting field, I was seconded to work in a team led by Dr. Stiles, investigating glare 
in, street lighting at Sheffield. 

I was very glad that in his paper Dr. Stiles went right back to the eye itself, 
because personally I consider one ought to know the fundamentals. I dislike learning 
a lot of apparently unrelated laws and rules, and find that I can deal with a great 
variety of jobs by reasoning from a few fundamentals. 

The ordinary lighting engineer does not realise just what are the characteristics 
of the eye. We all tend to accept good vision without question, but really the eye is a 
very poor optical instrument—indeed, one of which any good instrument maker would 
be ashamed. Trotter, 40 years ago, described a simple experiment which shows the actual 
region of clear vision to be very small. Take a sheet of paper a few inches square 
and cut a disc of about 4 in. diameter out of its centre. If the sheet with the hole is 
placed on a printed page, the printed matter appearing in the hole can be read quite 
easily; if the sheet is now replaced by the disc previously cut from it, you will be 
surprised to find that you can read hardly any of the surrounding print if your eyes 
are directed at the disc. Yet we have the impression that we can see all round a wide 
field of view. The eye does “see” extremely well. The reason, no doubt, is that 
vision is not merely a function of brightness patterns but is partly psychological. 

Dr. Stiles discusses visual acuity. As early as 1735 the Swedish scientist Celsius 
proposed its use for judging illumination, but unfortunately it is unreliable. Celsius 
concluded that the illumination varied as the eighth power of the acuity; it is interesting 
to note that the I.E.S. Code Chart implies only a cube law. Regarding the greater 
acuity found with sodium light, I presume that the effect occurs with any mono- 
chromatic light. Also—a fault due to the English language and not to the author— 
the greater “ ease of vision’ under sodium light refers to better discrimination of detail 
and should not be confused with comfort in the installation. 

The range of change in the luminosity curve with adaptation level is important. | 
was surprised that the upper limit of this range is as high as 3 ft. lamberts. In ordinary 
interiors with artificial lighting (remembering that the Factory Regulations demand 
only 6 Im./ft.2), it would seem that most people are working in the range between the 
photopic and scotopic curves. I met this problem in connection with coloured cinema 
lighting. I was not surprised to find the auditorium safety lighting was at scotopic level; 
but even the full general lighting in stairways and entrance hall would also appear to 
be non-photopic, for in a series of measurements in one large London cinema, the 
highest value recorded was about 14 Im./ft.2. I am glad, therefore, that the range of 
change is now being given definite attention. 

I would emphatically plead that research data should be translated into ordinary 
language; most of us need simple definite rules, not complicated formulae. Twenty yeats 

ago a design office I know was relighted. The illumination was increased from about 
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5 to 35 Im./ft.2, and to avoid glare a host of diffusing fittings were used. It was not 
long before complaints of discomfort came in, and soon only two of the three rows 
of lights were being used. The reason is contained (though not emphasised) in the 
present I.E.S. Code. But I was horrified to hear last year of another design office 
being relighted in just the same way. Obviously the information which is available is 
not given clearly, and is not reaching those who need it. I wonder how most lighting 
engineers to-day would react if a works manager said that, as illumination levels are 
rising, he intended to double the power of the lamps in his diffusing fittings. How 
many would advise against it? We need guidance in such matters, in simple language 
that an ordinary engineer can understand. I think that is where we are particularly 
indebted to Dr. Stiles, for he has translated the valuable fundamental data he quotes 
into practical terms. 


Mr. W. RosBinson: Dr. Stiles has made a distinct contribution not only to our 
knowledge of glare but also towards the application of this knowledge. Speaking as an 
engineer rather than as a scientist, I was particularly interested in two features of this 
paper. Firstly, the suggestion of a possible critical value of luminance in connection 
with visual discomfort, and secondly his suggestion of the possible significance of the 
illumination at the eye in discomfort evaluation. 

I found Dr. Stiles’s paper more than usually stimulating because, while in no way 
relaxing his scientific approach, he has, nevertheless, contrived to bring discussion of this 
complicated subject within the scope of practical lighting engineering. For instance, 
he has come nearer to a physiological, as against a subjective, analysis of the dis- 
comfort glare problem in his suggested critical level of retinal illumination. He has 
gone further than that, moreover, by showing how recent glare formulae seem to centre 
on a common basis of illumination at the eye combined with brightness ratios. In a 
scientific study of this kind this is a bold step, and I appreciate it all the more 
because by making this particular suggestion Dr. Stiles has set the seal of respect- 
ability on my own use of this conception. I must confess that when I decided to 
introduce this version of the formula of Hopkinson and Petherbridge, Harrison and 
others in my talks on the subject I half expected a rap on the knuckles for drawing 
generalised conclusions from an empirical formula, but the more I thought about it, the 
more it seemed to fit the facts as well as the formulae. I hold the view that we, as 
lighting engineers, should not wait for finality on this question of discomfort but 
should begin to apply brightness control now. 


I foresee, for example, the usefulness of a second set of Coefficient of Utilization 
tables from which the vertical illumination at eye level can be predetermined for 
purposes of comfort just as the horizontal illumination at working level is deduced 
for purposes of adequate visibility. We have, in Petherbridge and Hopkinson’s work, 
sufficient sound data to relate the eye illumination to maximum permissible source/ 
background brightness ratios. If we want to go further, there are Interreflection tables 
for checking brightness ratios in the surroundings. We have, in fact, the wherewithal 
for Brightness Engineering and I suggest that it is time to practise it. 


_ Dr. R. G. Hopkinson: I think Dr. Stiles is being particularly cautious by calling 
his revised formula on glare discomfort a “ distortion ” of the data. I have just returned 
from France where I read a paper to the Association Francaise des Eclairagistes on 
the result of work recently completed at the Building Research Station, which was 
based on a programme drawn up informally at Stockholm last year. The results 
show that the differences which have been reported between different investigators in 
the United States of America, in Holland and in this country are really quite small 
When related to the differences which exist between individuals. They are almost 
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negligible within the terms of reference of the practical lighting engineer. Dr. Stiles’ 
suggestion that we should simplify our relationship for glare discomfort into a bright. 
ness ratio and an illumination of the eye is one which I think we can take as being 
quite reasonable and backed by sufficient experimental evidence. I did, in fact, put 
forward exactly this suggestion in my paper to the A.F.E. 

Witb reference to his suggestion of the level of 20,000 trolands as the retinal 
illumination at which the eye changes characteristics, the coincidence which he shows 
between our own results on glare discomfort at the Building Research Station and 
other work is probably justified, although we have not deliberately set ourselves to 
find the “end points.” 

I think it would be interesting to know more about the brightness level at which 
changes from rod vision to cone vision take place. There is evidence that colour 
vision gets progressively better right up to very high levels of illumination, even up to 
the levels of daylight and sunlight. There does not seem quite such a definite transition 
from no colour vision to full colour vision as has been suggested. Since I became 
responsible for work in the field of colour, this point has always puzzled me, and | 
have yet to be convinced by the colour physicists that colour vision does not improve, 
as does visual acuity, progressively with brightness, well beyond levels of 1-3 ft- 
lamberts. 


Mr M. W. Hime: I was particularly interested in Dr. Stiles’s point that approxi- 
mately 20,000 trolands was a critical point in retinal illumination. I would like to 
ask whether there is any hysteresis effect in the retina if you subject it to varying 
degrees of illumination in the opposite direction. I have noticed that my eyes have 
become accustomed to the higher brightnesses which generally obtain on the Sussex 
coast and that I have no sensation of discomfort on a bright sunlit day; on a dull 
day, however, there are times when I experience considerable discomfort glare. 

The other point I should like to raise relates to the curves that are given in 
Fig. 6. I have often wondered whether there are any variations for the pigmentation 
of the eye. I have not been able to do much work on this but I have been impressed 
by the differences of different subjects under the same conditions. Similarly, the 
setting of the eye in the socket and the degree of eyebrow and eyelashes may influence 
the result. I would be glad if Dr. Stiles would clear this for me. I have also wondered 
about the Oriental with almond eyes as compared with the Indian with dark pigmenta- 
tion. Has there been any work on the general relationship of different races and 
different eyes? 


Dr. R. C. G. WiLLiAMs: I feel we are all much indebted to Dr. Stiles for the paper 
we have listened to to-day and the way in which he has reviewed the properties of 
the eye. It needs only a glance at the lower diagram in Fig. 5 to see the extraordinarily 
complex process which is the basis of our sense of sight and which the illuminating 
engineer has to accommodate in his work. 

The curves in Fig. 6 show clearly the greater visual acuity with sodium light 
compared with white light, but I presume that this is primarily a function of mono- 
chromatic light rather than of the sodium line and that the curve has been taken with 
sodium because it is perhaps the most convenient monochromatic light source. This 
greater acuity with sodium is an interesting property of the eye and, while there seems 
little direct connection, I could not help comparing these measurements with the 
work on colour television in the United States which, in another field, is demonstral- 
ing so dramatically the very high visual acuity for definition and the relative lack of 
interest of the eye in colour detail. 

I feel it a pity that mention has to be made of alternative names for the same 
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ess § ynit of measurement, and it would surely be an advantage for one or the other to 
ght- F be adopted as standard. 
Ng Lastly, I thought that Fig. 8 shows very clearly some of the properties of glare. 
Pul § interpreting these graphs in broad figures, it seems that glare can be avoided with 
about a 10: 1 ratio between the object and its surround, while 100: 1 or 1,000: 1 
inal § ratios lead to bad glare. While, to the illuminating engineer this problem usually 
OWS B arises from the necessity to view the detail of a darker field in the face of high 
and § illumination from an adjacent source, it may also be necessary to see detail in a bright 
} 0 B field when the surroundings have too low a level of illumination. This is really a 
form of ‘reverse glare’ and I would like to ask Dr. Stiles whether, in his view, these 
lich § same ratios are in any way applicable. 
our 
D to 
tion Mr. R. R. Hotmes (Communicated): The attention drawn by Dr. Stiles to the 
ame § brightness and the size of the field used when the Standard Luminosity Curve was 
id | § obtained is most welcome. The writer and, I believe, others have found that the 
ove, § colour-rendering of a source of light appears to change at different intensities, a light 
ft- B quality that is declared satisfactory for colour-judgment at say 100 Im./ft.2 may be 
rejected at 10 Im./ft.2, although the physical balance of the components in the light 
has remained unchanged. More information on this subject would be of practical 
oxi. | Value. 
> to 
bs Dr. W. S. STILEs (in reply to the discussion): Mr. Weston has mentioned the 
an recommendations of Professor Weber and it is particularly interesting to learn that 
dul these include the figure of 2.5 cd./in.2 as a maximum brightness for the avoidance of 
glare. The value of 1,500 ft.-lamberts derived in the paper corresponds to 3.3 cd./in.*. 
_ — Both practical experience and more academic experiments seem to show that this may 
Pi be a natural limit which we should not exceed. 


ia Mr. Beggs asks whether any monochromatic light would give a slightly greater 
acuity than white light of the same brightness. I think the answer is that as the effect 


= is So small a great many observations must be made to be sure of it. For sodium light 
4 extensive measurements have been made and establish the point, but for other colours 
a the evidence is incomplete. Several investigations were made by Luckiesh using 
ps mercury vapour sources but his final conclusions are not very clear. It seems that a 


complicating factor was an increased impression of clearness of vision given by 
mercury light, this impression being not necessarily accompanied by a measurable in- 
crease in visual acuity. 


aper Mr. Beggs’s surprise that the scotopic mechanism may contribute to vision at such 


F : high brghtness levels is I think shared by many. But it must be remembered that it 
ae will do so only for indirect (extrafoveal) vision. For a small central area of the visual 


field only the photopic mechanism is used at all levels and the scotopic mechanism 
first comes in on moving out from the centre. Thus the upper limit of the scotopic 
light § range will depend on position in the visual field. The figure quoted may be taken as 
ono- § referring to a region about 10 deg. from the centre. 

with It is very gratifying to hear that both Mr. Robinson and Dr. Hopkinson had in- 
This f dependently explored the same simplification of the discomfort glare formula as | 
ems B had done and had reached similarly favourable conclusions. The new experimental 
the work of Dr. Hopkinson we shall look forward to hearing about in greater detail, but 
trat- ff it is most satisfactory to know that the differences between different investigators are 
k of B almost negligible from the practical standpoint. 

_ The limited observations which have been made to test the improvement of colour 
discrimination with increase in brightness level have shown only rather small effects 
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once the transitional region of rod to cone vision has been comfortably exceeded. With 
Dr. Hopkinson, I think further studies at really high brightnesses should be made. 

Mr. Hime’s observation on visual discomfort may be connected with the fact that 
on a clear sunlit day, the sky brightness, except near the sun, may be considerably 
lower than on a “dull” day. This, coupled with the fact that the direct rays from 
the sun can often be easily screened, may be part of the explanation. To Mr. Hime’s 
second question on visual pigmentation and race, I can reply that recent work on 
Egyptian observers has shown that their darker exterior is paralleled by a more pro- 
nounced yellow pigmentation of the retina. There is no doubt an interesting field for 
further work on this whole question. 

The effect of intensity changes on our judgment of the colour-rendering properties 
of a light source, mentioned by Mr. Holmes, has I think been clearly shown, for 
example in demonstrations at the recent Exhibition of the Physical Society. The ex. 
planation may well entail delving below the physiological and into the psychological 
basis of vision, but at present, perhaps, more definite evidence, if possible in quantitative 
form, is what is required. 

Dr. Williams mentions the use in colour television in the United States of methods 
of transmission and reception which in effect give good reproduction of brightness 
contrast but poor reproduction of colour in parts of a pattern where the detail is fine. 
I think this method is successful, not in the main because of the chromatic aberration 
of the eye, but because of a failure of colour discrimination by the colour mechanisms 
when the contrasting coloured areas are very small. Permissible brightness ratios for 
freedom from glare, cannot, I think, be applied indiscriminately whether the observer's 
interest is in vision in the lighter or the darker area; there is, however, a lack of direct 
experimental evidence on this question. 
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Two Frontiers of the Lighting Art 
By H. L. LOGAN 


Summary 


This paper discusses criteria for artificial lighting derived from the study 
of the distribution of light of optimum natural fields of view, and explains 
the use of these criteria in practical design procedure including the applica- 
tion of environmental colour on an engineering basis. These ideas are then 
extended to cover their application to standards of visual comfort, and to 
the design of lighting fittings, and their use in installations to produce 
balanced brightnesses that are acceptable to the majority of people. In this 
connection the most recent work of the “Q and Q” Committee of the 
American I.E.S. is reviewed. 


(1) Introduction 


This paper is an attempt to explain some of the progress made recently in 
America in the exploration of two of the “lighting frontiers” mentioned by Ward 
Harrison in his paper to this Society in 1948(!). These frontiers or problems awaiting 
solution are:— 


(1) Desirable or permissible brightness patterns within the visual field, and 


(2) Development of a technique for pre-determining the light conditions that lead to 
visual comfort. 


(2) Brightness Distribution in Nature 


In connection with problem No. 1, the distribution of brightness in man’s natural 
environment may be studied with advantage, for it must be remembered that man 
is a creature of his natural environment, just as are all other forms of life. He can 
maintain health and vigour only so long as he lives in a natural environment to which 
he is fully adapted, or so long as he controls his artificial environment by inventions 
which keep external stimuli within the range of his adaptation. 

Man is most closely adapted to the climate of his place of origin and he tries 
to carry that climate with him by various artifices wherever he goes. The whole 
history of shelter engineering reveals an unremitting effort by mankind to provide 
an indoor climate reproducing as nearly as possible the climate to which he is best 
adapted, i.e., the climate of his place of origin. 

All available data on this subject have been examined and correlated by S. F. 
Markham(2), who concluded that they point to small areas along the 70 deg. F. annual 
isotherm as being the probable location of man’s original habitat (see Fig. 1). 

Therefore, as man’s physiological responses to temperature, humidity, air pressure, 
air movement and solar radiation fit so closely the climatic conditions characteristic 
of the 70 deg. F. annual isotherm. and as these particular conditions determine the 
accompanying luminous conditions, similar luminous conditions were investigated. 

Readings were taken in the Wyndham valley in central New York State during 
the period of the 70 deg. F. summer isotherm in 1943, 1946, 1947 and 1948, and in 


vd Federal District of Mexico during the period of the 70 deg. F. spring isotherm 
in 1944, 





The author is with the Holophane Company, Inc., of New York. The manuscript of this paper was first 
received on January 21, 1952, and in revised form on February 25, 1952. Paper presented at the I.E.S. Summer 
Meeting at Eastbourne, May 21, 1952. 
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Fig. |. The 70 
deg. isotherm and 
the sites of ancient 
civilization. (From 
‘Climate and the 
Energy of Nations’ 
byS.F. Markham), 
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(3) The Field of View 

The human field of view is represented in Fig. 2. This is a consolidation of the 
binocular perimeter charts for the right and left eyes that have been standardized 
for ophthalmological use in the United States, with the addition of zones adopted 
for the purpose of this work. 

The optical centre of the field of view is intersected by the line of sight. The 
horizon, through the line of sight, divides the field into upper and lower segments. 
The line of sight was horizontal in all the natural studies. Man stands upright and 
his eyes sweep the horizon. The horizontal line of sight is also used in the artificial 
studies because it is the mean axis of all the sight lines of a person standing or sitting. 
and because it will include both lighting sources and working plane. It thus includes 
the full range of contrasts to be expected in both exterior and interior views. 

The method of analysis to be explained later applies to any axis of sight in any 
direction. The optimum range was worked out by study of horizontal sight lines, 
but it applies to any direction of sight because it is the optimum range 

There is a solid line in Fig. 2 enclosing an area shaped somewhat like an upside 
down pear. This is the binocular part of the field of view that is simultaneously 
seen by both eyes. The right and left parts of the field outside the binocular area 
are the monocular areas into which only one eye can see at a time. That is, each 
eye has a separate and different field of view, but the two fields overlap. The 
“ binocular” part of the combined fields is the area of overlapping vision. 

Another division of the field of view in Fig. 2 is a circle of 30 deg. radius 
around the line of sight. The choice of 30 deg. is arbitrary in the sense that there 
is no abrupt physiological, psychological or physical change that takes place at 30 deg. 
However, glare interferes most with vision when glare is on the line of sight. As 
the glare is moved away from the line of sight its effect decreases, slowly at first and 
then more rapidly as its angle with the line of sight increases. By the time this angle 
is 30 deg. the effect of glare in decreasing vision on the dine of sight is relatively 
negligible. Therefore, as it seemed desirable during the original studies to learn to 
what extent glare occurs in optimum natural conditions within the region that is 
known to be most detrimental, the 0-30 deg. zone was included. 

Thus the field of view is divided into the following zones for the purpose of this 
paper: An upper glare zone (UG), upper binocular zone (UB), upper monocular 
zone (UM), and a lower glare zone (LG), lower binocular zone (LB) and lower 
monocular zone (LM). 
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(4) Field Work 

An instrument was devised to measure the light flux from each zone, and was 
described recently by Robinson(?). 

A schedule was prepared to establish a routine of measurements so that each 
orientation (north, south, east and west) would be measured in equal numbers for 
each hour of the daytime and for as many variations of terrain and weather conditions 
encountered in the 70 deg. F. isotherm region as time permitted. 

The instrument was set up according to the schedule at the selected site and 
time, facing the orientation listed, and the readings made. The procedure was to 
measure the horizontal illumination, the mean brightness of the field of view, and the 
flux reaching the cell from the entire field, and to measure the three upper zones 
separately. The total field reading was repeated at this point. If it differed from 
the first reading the entire process had to be repeated. If it checked, the three lower 
zones were then read, and the total reading taken once more. If it differed by more 
than 5 per cent. from the previous checks the series was rejected, and a new series 
started. : 

An assistant read the galvanometer, another recorded the readings, and the 
author manipulated the zonal screens, in order to speed the process as much as 
possible. 

Approximately 7,700 readings were made. A selection of data from the first three 
investigations was published in 1947(4). Data from the last two investigations confirmed 
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Fig. 2. Normal field of view of a pair of human eyes. 
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UB ue | Lé LB La Fig. 3. Flux analysis chart of natural 
lighting distributions showing the range 
of variations associated with optimum 
climatic conditions, and presumably the 
range to which man is mostly closely 
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that from the first three, and by increasing the statistical base made it possible to 
establish the range of variation of natural lighting distributions under optimum 
conditions as shown in Fig. 3. 

The Flux Diagram in Fig. 3 is a conversion of the Field of View Chart into a 
rectangle, with the horizontal axis of vision placed vertically to split the rectangle 
into a left portion, representing the upper part of the field of view, and a right 


portion, representing the lower part. As the upper part of the field of view is 43.7 
per cent. of the whole, and the lower part is 56.3 per cent., the respective areas on the 
rectangle are similar. 

These two areas are subdivided into smaller vertical bands representing the in- 
dividual zones of the field of view, and the numerals at the top of each vertical band 
or column in Fig. 3 represent both the percentage of the field of view occupied by 
the respective zone and the percentage of area of the diagram occupied by the respective 
column. 

The most revealing way in which to compare one field with another is to com- 
pare them both with a uniform field, that is, a field in which each zone shows that 
percentage of the total flux which is equal to its size as a percentage of the field. 
This condition is represented by the numeral “1.0” at the left side of the diagram, 
and by the line marked “ Unity” that crosses the diagram. The other numerals on 
the left of the diagram show percentages of unity. Therefore, the upper U.M line 
segment marked “1.97” means that the maximum quantity of light in optimum 
natural fields encountered was 1.97 times the quantity of light that would have been 
in that zone, if the light of the entire field had been distributed uniformly throughout 
all the zones. This is another way of saying that as the U.M. zone is 15.1 per cent. 
of the field, the maximum quantity of light measured, as coming from the zone, was 
15.1 x 1.97 or 29.7 per cent. of the total light coming from that part of the field. 
Likewise the minimum quantity of light measured from the U.M. zone was 15.1 x 
0.5, or 7.6 per cent. of the total light. 

The two heavy lines that cross Fig. 3 therefore show the maximum and minimum 
quantities of light for each zone, relative to a uniform distribution determined from 
the natural lighting data; and these lines can be used as guide lines by which to design 
or evaluate artificial lighting installations. 

When the distribution of light in an artificial system falls between these lines it 
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Fig. 4. Plan of classroom with section 

superimposed to co-ordinate observer's 

position, and showing relationship to 
protractor. 
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will duplicate, in broad outline, a natural distribution associated with optimum en- 
vironmental influences that result in automatic, rapid, safe reactions, and a feeling 
of ease and security; that is, it will duplicate a natural distribution to which man is 
fully adapted. 
(5) Application to Indoor Illumination 

In applying the results of out-door measurements to the problem of designing a 
satisfactory interior lighting installation, the first step is to prepare a spherical per- 
spective of the field of view. A position for the observer is marked on a plan of the 
interior. 


This position is chosen so that it will include the maximum range of contrasts that 
can occur in that interior. A section of the interior is then superimposed on the plan 
so that the observer occupies the same relative position on both plan and section (see 
Fig. 4). 

A protractor of the size required for the drawing, and having the visual zones 
already printed on it, is then placed over the combination plan and section so that 
the centre of the protractor is on the observer’s position. Such a protractor is 
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Fig. 5 Special pro- 

tractor for spherical 

projection of the field 
of view. 
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Fig. 6 Completed 
perspective drawing. 
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illustrated in Fig. 5, and the protractor placed over a combination plan and section is 
shown in Fig. 4. Only part of the protractor is shown in Fig. 4 to make the process 
clearer. This protractor was specially designed for this work and is of the equal 
area, azimuthal projection, four pole type, developed on the principle of the Lambert 
type protractor familiar to map makers and navigators. 

The next step is to place a straight edge on the observer’s position to each feature 
of the plan and section, establishing the location of each point by inspection of the 
angles made on the protractor by the straight edge. 

For example, the line from the observer’s position on the section, through the 
junction of the end wall and ceiling on the section, makes an angle of 72 deg. as 
read off the protractor. The location of the junction of the end wall and ceiling of 
the classroom on the perspective will therefore be a little below the horizontally curved 
line, above the axis of the protractor, marked 70 deg. The beginning and end of this 
line (which establishes the junction of the end wall with the side walls) can be located 
by repeating the above process on the plan. 

The completed drawing will appear as shown in Fig. 6. 

The next step is to determine the brightness of each principal surface. At this 
point it is necessary for the lighting engineer to select reflection factors for the 
principal surfaces, as their final brightness will depend not only upon how the light 
reaches them but also upon what they do to this light. Then the quantity of light 
falling on the working plane is computed by the point-by-point method. As the total 
output of the lighting units is known, the difference between that figure, and the 
amount of light going directly to the working plane, is the amount going directly to 
the other surfaces of the enclosure (the walls in Fig. 6). 

Tables of Interflectance(5), prepared by Moon and Spencer, are available and are 
set up so that the brightness factors are percentages of these figures. It is, therefore, 
only necessary to locate the proper factors for the combinations of reflectances, room 
index, and type of lighting distribution peculiar to the installation under consideration, 
and multiply the floor and wall figures by these factors. The brightness figures, 
marked on Fig. 6, have been computed in this manner. 

The next step is to convert these brightnesses into light sent to the observer’s eyes. 
A work sheet for this process is shown in Fig. 7. 

The two columns of figures on this work sheet headed “sq. IN.” show the area 
in square inches occupied on the drawing by each area of different brightness. These 
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ILLUMINEERING WORK SHEET SPECIFICATION WO. anzlO9__ 


ron _ CLASSROOM - 25 FT x 29FT,CIf., CEILING 12FT,GIN. 
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Fig. 7. Typical work sheet. 


LONE STERADIAN 
TOOT- LAMBERTS 
+ 208E UNITY 
CQuas =—) 


areas are determined to an accuracy of 0.01 square inch by a planimeter. The columns 
adjacent to these, headed “‘ FT.-LAMBERTS,” are the brightnesses of each of the related 
areas. The next columns headed “PpRoDUCT” contain the product obtained by 
multiplying together the figures in the previous columns. 

The work sheet is divided into six large boxes and three small ones, each large 
box being identified by the initials of one of the zones of the field in view. The column 
of products for each zone is totalled in each box, and shown opposite “ TOTAL 
propuctT.” As the field of view subtends 5 steradia, the spherical protractor used in 
this work is drawn so that its area is exactly 250 square inches, and each 50 square 
inches, no matter where located on the protractor, is equal to one steradian subtended 
at the observer. The special virtue of this method of spherical projection is that 
equal areas on the protractor correspond to equal solid angles in the field of view. If, 
therefore, the area in square inches on the drawing occupied by each different bright- 
ness is measured, and the product of brightness and area be divided by 50, the 
resulting figure is an expression of the light which that area is sending to the eyes. 
This figure, for each zone, is entered opposite its appropriate zone designation in 
the small box at the upper right of the work sheet. 

The sum of these figures is an expression of the total light reaching the eyes 
of the observer from the field of view in question. It is then necessary to take this 
sum and multiply by the zonal percentages. The resulting figures are shown in the 
small middle box at the right of the work sheet. When an engineer has completed 
this step he will have the figures of the equivalent uniform field. For example, in the 
example under discussion the predicted flux from the upper glare zone will be 
11.24 units. In a uniform field sending the same total quantity of light to the 
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Fig. 8. Flux 
diagram of example 
explained in text, 


observer's eyes, 9.8 units would be contributed by the upper glare zone. Therefore, 
14 per cent. more light will be received from the upper glare zone of the actual field 
than would be received from the glare zone of the equivalent uniform field, and so 
the line segment for the upper glare zone will be located on the Flux Analysis Chart at 


1.14 (11.24/9.8 = 1.14). 


Figures for all the zones, arrived at in this way, are shown 


in the small box at lower right of the work sheet, and these figures locate the various 
segments of the flux “curve” on the Flux Analysis Chart. 

The fiux diagram for this classroom is given in Fig. 8 and shows that the type and 
arrangement of lighting equipment, in conjunction with the specific reflection factors 
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Fig. 9. Spherical 
perspective of proposed 
office lighting installation 
showing brightness with 
original finishes. 
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selected, will provide a luminous distribution throughout the field of view of an observer 
well within the range of variations found in optimum distributions of natural light. 

If the light distribution, when plotted on this diagram, had fallen outside the 
natural guide lines, the proposed design would have needed correction. An example 
of such a situation is given in Fig. 10, which was prepared from a space-light study 
of a proposed office lighting installation, shown in Fig. 9. 

There was an excess of light in the left-hand zone of the chart of Fig. 9 and a 
deficiency throughout the right half of the chart. This means that the walls, floor 
and floor equipment were not returning enough light to the workers’ eyes; their 
finishes were too dark. 

The figures at the left-hand side of the chart in Fig. 10 tell how much light is 
coming from each part of the field of view, and therefore how much less is needed 
in one part, and how much more in another. These modifications can be made by 
changing the reflection factors of the surfaces involved by the amounts indicated by the 
diagram. ‘ 

The original finishes called for reflection factors of : ceiling 80 per cent., walls 50 
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per cent., floor 10 per cent., and desks 10 per cent. The corrected finishes kept the 
same ceiling finish, but changed the window wall from 50 per cent. to 60 per cent. The 
other walls remained unchanged. The major correction was to the floor, which went 
from 10 per cent. to 30 per cent., and the desks, from 10 per cent. to 40 per cent. 
teflection factor. 

The result of these changes is given in Fig. 11. The amount of light now being 
returned to the workers’ eyes from the lower part of the field of view, and thus 
adapting them to a higher level of visual activity, is more than twice what it was 
before the change in finishes. This was brought about without adding a single lighting 
fixture, lamp, or watt of electricity. 


(6) The Use of Colour 
As the lighting distribution is a result of the way the lighting units send light to 
the environment, plus what the environment does to that light, there are two obvious 
requirements. First, adequate control of the light as it leaves the equipment, and 
then control of the light by all the surfaces illuminated in the field of view. Control 
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of the light as it leaves the lighting units is related to the design of the units. Control 
of the light as it leaves the surfaces in the field of view is a matter of the colour 
and finish of the surfaces. The lighting designer can determine the brightness of the 
various surfaces by given types of lighting unit only when he knows beforehand what 
colours and finishes the surfaces will have. 

Reflection factors are assumed at the beginning of each study. Sometimes the 
original assumptions will be found satisfactory. When they are not, the required 
reflection factors are determined by comparing the excess or deficiency shown in any 
zone, with the respective allowable maximum or minimum for that zone. If a zone 
shows a 10 per cent. excess, for example, the reflection factor in that zone needs a 
proportionate reduction. If it shows a 50 per cent. deficiency the reflection factor needs 
doubling at least. 

As there is no way at present for an owner or his architect to translate reflection 
factors into preferred colours, it becomes necessary for the lighting engineer to suggest 
colours. 

Psychological reaction to colour is a rather vague and controversial matter. 
Colours have a lesser influence than many other features of our environment, such as 
odours or noise. However, it is obvious that people give three responses to colour: 
they like it, they don’t like it, or they are indifferent to it. 

A statistical study of colours was made to separate the colours for which people 
had a marked attraction, and those for which they had a definite distaste(5). The 
remaining colours are those to which they had a low, or even neutral emotional 
response. This group is desirable for general work surroundings. They provide back- 
grounds that are excellent for the necessary brightness manipulation by engineers, and 
do not engage any of the energy of the workers in the energy-draining channels of 
emotional responses. 

They permit engineers to create environments that leave the energies of the workers 
relatively free from this type of environmental interference. When our environment 
attracts attention it acts as a distraction and to that extent it reduces our freedom of 
choice of the use of our energies. Noise is a conspicuous offender in this respect, of 
which many people have had painful experience. 

Therefore, coming back to colour, a selection should be made from the neutral 
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group that, among other things, changes appearance least under different types of light 
source (incandescent, fluorescent or natural light). The reflection factors of these 
colours are known, and so the engineer, finding that he needs a specific reflection factor 
in a part of the field, can tie this reflection factor to any one of a row of colours 
on a chart, leaving the chvice of the exact colour to others but still pegging the 
choice of colour sufficiently to make sure that he will get the brightness effect he needs 
for each part of the interior. 

This process, by which a complete field of view is graphically represented, analysed, 
the distribution of light in each visual zone determined and the results assembled into 
a simple expression of field relations on the flux diagram, gives engineers a means 
for adding the optimum “luminous dimension” to all the other optimum dimensions 
of the desirable indoor climate for man. It represents progress in the direction men- 
tioned by Ward Harrison in his paper to this Society in 1948, when in discussing 
“Some Frontiers of the Lighting Art,” he emphasised the need for determining “ What 
brightness patterns are desirable or permissible within the visual field.” 


(7) Visual Comfort 

Progress has also been made towards another of the goals mentioned by Dr. 
Harrison, namely the development of a tentative technique for pre-determining visual 
comfort. 

As all of the natural scenes from which the flux diagram was developed were 
comfortable scenes, it is to be expected that artificial scenes which meet the criteria of 
the natural scenes will also be comfortable. This will be true if the subtended solid 
angles of the artificial light sources are comparable to those of the areas of maximum 
brightness in natural fields of view, usually clouds or other sky features. In other 
words, the flux analysis takes care of inter-zonal variations, but does not take care 
of intra-zonal variations when they are smaller in solid angle than those encountered 
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BRIGHTNESS (8) OF SOURCE, (FOOTLAMBERTS) 


SIZE (Q) OF SOURCE (Y% OF VISUAL FIELD) 


LUCKIESCH & GUTH ----—: PETHERBRIDGE & HOPKINSON 
----- MOON —--—--— PUTNAM & FAUCETT 
alae HOLLADAY —-+-——- —— HARRISON (SHOWING ADJUSTMENT) 


Fig. 12. Summary of visual comfort evaluation data. The encircled numerals are footlamberts and 
locate the various approximations of comfort-discomfort thresholds for the adaptation levels shown. 
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in nature. An intra-zonal check becomes therefore a desirable refinement. An 
attempt at such a check is based on the work of Holladay(’), Luckiesh(*), Guth(), 
Moon(!°), Harrison(!!), Petherbridge and Hopkinson (!2), and Putnam and Faucett(!3), 

The results of these investigations were consolidated by the author as shown in 
Fig. 12, with the BCD thresholds plotted against source brightness in foot-lamberts, and 
source size in percent. of the visual field. 

At this point it may be desirable to review briefly the “BCD” concept. The 
minimum quantity of light that can be perceived at the threshold can be measured, 
The other end of the scale—the quantity of light to which the eye is intolerant—can 
also be measured : but the various degrees of response between minimal perception and 
intolerance do not lend themselves to direct measurement. 

The thresholds of visual comfort-discomfort have to be established by definition. 
Other visual thresholds provide satisfactory precedents, and following these precedents 
thresholds of visual comfort-discomfort become those visual conditions that will be 
found comfortable by half of a group of observers, and uncomfortable by the other 
half. These thresholds are referred to as the BCD thresholds, or the “ Brightness com- 
fort-discomfort ” thresholds. 

Their actual location derived from available data is generally considered con- 
flicting. | Nevertheless, if the data of various investigators are plotted together for 
purposes of comparison, in the manner shown in Fig. 12, the curves show general 
similarity in slope and, except for the theoretical Harrison curves, similarity in 
location. 

The Harrison curves are displaced below the corresponding curves of the other 
investigators by an amount varying from 65 per cent. to 88 per cent. of the BCD 
values of the other investigators. Applying this observation to the probability curve 
in Fig. 16, it would appear that Harrison is using as his criterion the visual condition 
that all people will find comfortable at all times. _ When Harrison’s curves are 
adjusted on that assumption, they appear in reasonable agreement with the curves 
of the other investigators for sizes of Q running from 0.02 per cent. to 1 per cent. 
of the field of view. 

The 10 ft.-lambert threshold curve of Holladay, Luckiesh and Guth, Petherbridge 
and Hopkinson, and the adjusted Harrison curve agree closely for values of Q between 
0.05 and 0.6 (Fig. 12). The theoretical Moon-Spencer 10 ft.-lambert threshold curve, 
computed on the basis of their photo-chemical theory, passes through the other 
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Fig. 13. Basic data for visual comfort chart. 
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Fig. 14. Visual comfort chart. The F lines on the above chart are the BCD thresholds for 
the corresponding adaptation levels marked in footlamberts. 
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BRIGHTNESS (8) OF SOURCE (FOOTLAMBERTS) 


curves at the point where they also all agree, viz., when Q equals 0.4, so this point 
seems reasonably well-established. The agreement in slope of four of the five curves 
also seems significant. 

The real drawback of the data shown in Fig. 12 is that they cover only a part 
of the range of sizes (Q) of lighting systems, and only from 1 to 100 ft.-lambert levels 
in that part. This lack has been partly remedied since preparation of the data in 
Fig. 12: Guth has made observations to determine the end points of the 1, 10 and 
100 ft.-lambert thresholds at Q=100 per cent., and the author has determined the 
location and slope of the 1,000 ft-lambert threshold from Q=1/10th of 1 per cent. 
of the visual field, up to Q=40 per cent., as far as this is indicated by his natural 
lighting records (see Fig. 13). 

As the various workers are in close agreement on the 10 ft.-lambert threshold 

and the Luckiesh-Guth(8) data is based on the largest number of observations, the 
Luckiesh-Guth 10 ft.-lambert threshold curve can therefore be adopted as the first 
step in the preparation of a visual comfort chart. The relation of the 10 ft.-lambert 
threshold to the 1 and 100 ft.-lambert thresholds was originally established by 
Holladay(7), and confirmed by Luckiesh and Guth(8), including recently the location 
of the end points for the three lines previously mentioned, so the second step is to 
add these two lines to the chart, for the region through which they are known. 
_ Satisfactory continuation of the threshold curves into the region of very small Q 
is difficult, but the recently published work of Putnam and Faucett(!3) can be used 
a a tentative guide, particularly as their observations approach closely the region 
Where Ricco’s “law,” requiring a slope of -1, takes effect. 

These steps are shown on Fig. 13, plus a vertically sloping logarithmic. scale, 
based upon the logarithmic relations established by Holladay, Luckiesh and Guth. 
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The logarithmic scale is extrapolated downward for the 0.1 and 0.01 ft-lambert 
thresholds. : 

If the Luckiesh-Guth lines are accepted through the region for which there are 
observations, and the Putnam-Faucett observations are accepted in the region where 
Luckiesh and Guth have no data, continuous threshold lines can be drawn from the 
region of very small Q down to and through the region of very large Q, as shown by 
the 1 ft.-lambert threshold line on Fig. 13. 

Thresholds between those for which observations are available can be legitimately 
interpolated on the basis of the logarithmic scale. Completion of this process within 
the limits of BCD thresholds (F), from 0.01 to 1,000 ft.-lamberts, for brightness (B) 
of source from 10 to 100,000 ft.-lamberts, and size of source (Q) from 0.0001 per cent. 
to 20 per cent. of field of view, is given in Fig. 14. 

As the BCD threshold curves, (lines marked “F’”’) for the various adaptation 
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Fig. 15. The position indices determined by Luckiesh and Guth are laid out above on one ‘quadrant’ of 
the spherical perspective protractor shown in Fig. 4. | This chart may be laid directly on a spherical 
perspective drawing and the position indices of the various lighting units ascertained directly by inspection. 


levels shown in Fig. 14, are derived from data in which brightness on the line of sight 
was used as the reference state, while in everyday experience visual discomfort is 
usually associated with brightness off the line of sight, a method of translating off-the- 
line brightnesses into equivalent on-the-line brightnesses, becomes desirable. 

Fortunately the work of Luckiesh and Guth on this phase of the problem provides 
a possible method of translation. If the position indices experimentally determined 
by Luckiesh and Guth (see Fig. 15) are laid on the author’s spherical perspective con 
struction chart, the position factor for any glare source or brightness in the field of 
view can be determined directly by inspection. As the position indices are symmetrical 
laterally it is necessary to show them on only one-quarter of the chart (left or right 
upper quarter). This position index grid can then be placed over the spherical per- 
spective construction chart of any lighting job, permitting the position factor of any 
lighting unit, or brightness, to be read directly. 

A typical computation is given in Table 1. The first column, B, lists the actual 
brightnesses of the various lighting units in an actual job. The second column, Q 
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lists the actual area in square inches that the various lighting units occupy on the 
spherical perspective construction chart of the job. The third column translates 
the figures of the second column into percentages of the field of view, so it is also 
headed Q and simply states the size of the bright areas in the same form in which 
they appear on the visual comfort chart. 

The fourth column, P, gives the position index read directly from a position index 
grid (see Fig. 15) laid over a spherical perspective construction chart of the job (see 
Fig. 9) 

Table 1. 
Comfort Evaluation Work Sheet AR-161. 


B QO Q P Bl 
Actual Area Per cent. 
source from of field 
brightness illumineer- i 
from ing : 100 


| 

| 
Source | Per cent. 

Position | converted | 
| to | Bl=200 


when all 
index 
read equivalent .| From comfort 

directly source on chart 


spherical work ae 








ft.-L 
1200 
850 
600 
525 
500 | | 5 100 019 
450 | | a 174 | 057 
400 | 0 | 1.9 210 A 


300 | | 1.4 | 214 | a 


Total Area Q! = 1.2773 | 


ft.-L 
12 100 | 09 
3.5 243 63 
2 300 | 27 
14 37.5 | 0013 





persp. | line of light | transposition 
| 








200 
Installation Rating in per cent. of ‘‘ BCD ”’ Brightness= 255 * 100=78 per cent. 


For adaptation level (F) of 31.0 ft-L. 
This installation will probably be comfortable for 75 per cent. of Luckiesh and Guth’s 
observers. 








The fifth column, B!, is the results from the figures in the first column B being 
divided by the figures in the fourth column, P. They are, therefore, the “ on-the-line ” 
brightnesses that are the equivalent of the “ off-the-line” brightnesses in the first 
column. It will be noticed that these equivalent “ on-the-line ” brightnesses vary from 
37.5 to 300 ft.-lamberts. As different brightnesses cannot be added it is necessary 
to convert them into one equivalent brightness. 

This transposition becomes theoretically possible as a consequence of the fact that 
the BCD threshold curves, by definition, go through points of equal response. For 
example, the following brightnesses and respective Q’s, all lying on the 1 ft.-lambert 
BCD threshold, are theoretically equivalent to each other: — 


Q 
0.00037 per cent. 


” ” 
%” ” 


Therefore the various “on-the-line” equivalent brightnesses can each be theoreti- 
cally transposed into some other convenient brightness, such as 200 ft.-lamberts, and 
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Fig. 16. Plot of the scatter of 
observer's comfort-discomfort 
responses. (°) 
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the various equivalent Q’s for this new brightness added together, so that the sum 
becomes the size of the hypothetical source which at that transposed brightness of 
200 ft.-lamberts is the glare equivalent on the line of sight of all the different and 
differently located brightnesses in the field of view. 

As stated, it should be theoretically possible to use any brightness within the group 
observed for the job in question, to serve as a base to which to equate all the different 
brightnesses. However, to reduce possible error it appears desirable to select an 
equating brightness that is truly intermediate to the brightnesses of a given job, as this 
will permit the smallest movement, right or left on the visual comfort chart, to 
identify equivalent Q’s. 

The fifth column in Table 1 gives the equivalent Q’s for the job shown in Fig. 9. 
For example, the top figure in this column is 0.09. This means that when the 
brightness of 100 ft.-lamberts, having a Q of 0.432, is located on the visual comfort 
charc (Fig. 14), and the eye travels along the imaginary threshold line upon which 
this point falls that is parallel to the adaptation threshold (F) line for the job (31 ft- 
lamberts), it will intersect the horizontal 200 ft.-lambert line where it crosses the 
vertical Q line of 0.09. In other words, a 100 ft.-lambert brightness occupying 
0.432 per cent. of the visual field on the jline of sight is the equivalent of a 200 ft.- 
lambert brightness occupying 0.9 per cent. of the field in the same position. All the 
Q’s shown in the sixth column of Table 1 are the equivalent Q’s when the bright- 
nesses adjacent to them are transposed to 200 ft.-lamberts. 

These equivalent Q’s add up to 1.28 per cent. of the visual field. Therefore, the 
different brightnesses in the first column of Table 1, with their varying sizes in the 
third column, and their varying positions in the visual field as indicated by the position 
indices in the fourth column, can be theoretically equated to one glare source on 
the line of sight, having a brightness of 200 ft.-lamberts and occupying roughly 1} per 
cent. of the field of view. 

As the adaptation level (F) for the job in question is 31 ft.-lamberts, and as it 
can be found by inspection of the visual comfort chart that the BCD threshold 
for a Q of 1.28 per cent. of the visual field is 255 ft.-lamberts at that adaptation level, 
— ~ glare situation on this job is 200/255, i.e., 78 per cent. of the BCD threshold 
ov the job. 


This means, on the basis of a plot of the scatter of observers’ responses given 
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in Fig. 16, that 75 per cent. of observers could be expected to find the proposed 
installation visually comfortable. 

Present available data, used in this way, make it possible for the illuminating 
engineer to predict the probability that X per cent. observers will find a given 
visual situation comfortable. When this kind of analysis reveals a situation that 
could stand improvement, an inspection of the data will show the location and 
magnitude of the elements contributing to the discomfort, and hence the degree of 
modification required to correct the condition. 

For example, if it is wished to improve the situation in the installation discussed 
in this paper, Table 1 shows that the units having a brightness towards the observer 
of 600 and 850 ft.-lamberts account for over two-thirds of the glare effect of the 
installation. If they could be reduced in brightness by about half between the angles 
of 50 deg. and 75 deg. from the vertical (determined from spherical perspective), 
matters should be improved. 

One way to do this is to double the number of units while halving the wattage 
of each. Q would then become about 2.5, B would be 100, and adaptation level 
would stay at 31. The visual comfort chart reveals that in this situation the BCD 
value would be 180, so the job would be at 56 per cent. of BCD (100/180), and the 
comfort probability would have increased from 75 per cent. to 86 per cent. 

If, on the other hand, the brightness of the units between 50 deg. and 75 deg. is 
reduced, without changing the wattage or increasing their number, so that Q stays 
at 1.25 while B drops to 100, and adaptation level drops to 25, the new BCD threshold 
comes to 240, so that the glare effect of this modification would be 100/240=42 
per cent. This gives a 96 per cent. comfort probability, and is evidently a better, if 
not easier solution. It is the kind of solution that should preferably be built into 
the lighting units by the manufacturer; this kind of analysis has a great advantage for 
manufacturers, as it can show them specifically what is necessary to improve particular 
items of equipment. 


(8) Conclusions 


Until recently the Flux Analysis technique failed to make allowance for high 
brightnesses of small flux content, when they did not appreciably lift the flux content 
of an entire zone. In practice this turned out to be academic as the method was 
only applied to lighting systems that were larger than 1 per cent. of the field of view. 
Such lighting systems are representative of modern lighting practice in the United 
States, and the tendency is for them to grow larger, some installations running up to 
15 per cent. of the field of view. 

Now, as explained in the latter part of this paper, this theoretical gap has been 

tentatively filled by the addition of the visual comfort prediction technique. The 
entire technique therefore now makes possible not only the design of a lighted 
environment that will duplicate in its broad aspects the visual pattern of an optimum, 
naturally lighted environment to which the average user is fully adapted, but also one 
for which a visual comfort probability can be predicted. 
_ Experience with the entire technique has demonstrated it to be a valuable aid 
in designing lighting installations where the nature of the project will justify the 
application of the method. Such installations include large projects, small projects 
that are key situations in larger projects, and repetitive projects. Among the latter 
are the many standardised varieties of classrooms, lecture rooms, office spaces, library 
Treading rooms, broadcasting studios, laboratories and similar interiors where a 
solution for a typical space unit is a solution for all similar space units. 

It is particularly useful for working out on paper the probable results of a variety 
of possibilities in a given situation, such as the effects of different types, or arrange- 
ments of lighting equipment in a given space, or the effects of different dispositions 
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of brightness on the lighting units (for improvement in Juminaire design). It makes 
it possible to reduce, or even in some cases to avoid entirely the common practice of § 70 
costly field trials and experiments, by rejecting proposals that show on the paper § to < 
analysis to have definite defects, and permitting concentration on those that show 
promise. Fig. 

it also provides solutions that are buttressed with a wealth of data, so that not that 
only does the engineer become familiar with every aspect of the solution as he 1s pret 
working it out, but he is provided with definite answers to various questions his client exp 
may ask. gave 
_ The visual comfort phase of the technique is still tentative, as some “leaps” have to t 
been made from the data to the completed visual comfort chart. In the opinion of ap 
the author the “leaps” are justified, as the result is a better tool than the current thes 
alternative of individual guesses. The gaps in Fig. 13 are evident. The more quickly © i 
they are filled with reliable data the sooner will it be possible to confirm or correct toge 
the tentative construction of Fig. 14. Meanwhile the author believes the present tabl 
data is sufficient on which to base a working model, the use of which may be expected 








is pi 
to stimulate further interest and research. pp 
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=e of ¢ 
Discussion ¢ ¢ 
x : \ al 
Dr. R. G. Hopkinson: I think this has been absolutely delightful, and I would not Stat 
have missed it for anything. I think all of us feel that whether or not we agree with com 
what Mr. Logan has to say, he has very definitely got something and we shall nevel oan, 


forget this afternoon. path 
I think the greatest credit must be given to Mr. Logan for the original and stimu the 

lating thought that he has brought to bear on this problem of interior lighting because degr 

he has suggested and developed an original idea of what constitutes a criterion of part 

good lighting. His approach makes certain assumptions which I think we ought to 

ask him to explain in more detail. For example, we know that civilised man leads oa 

an entirely different life from the life lived in the days when man was a hunter and , 


: ; : ; : . in 
the requirements of his environment demanded quick perception, response and action f oA 
but not necessarily visual comfort. Later he became a herdsman and then an agri- idea 
culturist, occupations with visual requirements different from modern office or factory sh “i 
man. I wonder if Mr. Logan could tell us if it is true that there has been no further ae 

- k Spins : Se age: i ur 
biological adaptation in man since then, because if this is so the logical conclusion 
is that the ideal environment for office or factory work is out-of-doors along the liant 
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10 deg. isotherm. I have never lived in such a climate but I wonder if we would prefer 
to do our office work under those conditions. 


The second point on which I should like Mr. Logan’s guidance is concerned with 
Fig. 14. The work which has been done at the Building Research Station suggests 
that Fig. 14 is very much more simple than the true state of affairs, and my own 
preference is for a formula of the kind that Dr. Stiles gave us this morning, with the 
exponents of the various factors specifically related to the particular conditions. | 
gave one like that for street lighting some time ago; there is another which applies 
to the limited conditions corresponding to present-day artificial lighting practice; there 
is another variant which applies to natural lighting from large windows. Each of 
these by itself is easier to handle than Fig. 14, but of course its use must be limited 
to its proper context. I wonder if the solution to the problem is for us all to get 
together round a table and this time to draw up by international agreement a set of 
tables specifically for the use of the practising lighting engineer, in which all the work 
is properly weighted and the experimental conditions carefully taken into consideration, 
so that this problem of brightness of the environment and glare discomfort can at 
least be agreed internationally, even if not settled to the satisfaction of the experi- 
menters themselves. However, I think we shall have to be careful not to idealise 
perfection, for then we should have to wait a long time for all the experimental data 
and the lighting engineer will lose interest in our efforts. 


My last point is concerned with the fundamental conception of visual comfort. 
It seems to us, in this country, that in the United States quite a different notion of 
good lighting is entertained. The work and the reports of the American Q and Q 
Committee seem to suggest that the ideal in the United States is a condition from 
which all discomfort has been eliminated and Mr. Logan himself has gone into quite 
a lot of detail as to why this should happen, particularly in the field of colour. I 
disagree very strongly. Is the absence of discomfort synonymous with comfort? At 
Stockholm, in the discussion on the paper given by Mr. Guth, I asked a question 
which I am now going to put here: What happens when the teacher whacks the boy? 
If the teacher whacks the boy hard there is physical stimulus and there is a feeling 
of discomfort with an approximate relationship between the stimulus and the sensa- 
tion. If, on the other hand, the teacher is a psychologist and prefers not to administer 
a whacking, there is no stimulus at all and there results a neutral sensation of absence 
of discomfort but no positive sensation of comfort. To produce a positive sensation 
of comfort it would be necessary to introduce a new stimulus, say a well-sprung arm- 
chair. In this country, and on the Continent, too, we feel that workers in the United 
States have been led astray by their confusion of the neutral state of absence of dis- 
comfort with the positive sensation of comfort, and that is the main reason why we 
cannot follow them in their work on brightness engineering and are carving out a 
path of our own, in which other factors, such as the principle of attraction to light, 
the production of sparkle, a positive approach to colour, and the proper linking of 
degree of comfort to the nature of the task, play a major and not merely an incidental 
part. 

I hope the discussion will find time to deal with one or two of these points 
because they do represent our own positive contribution to this problem of the light- 
ing of the environment and I would like Mr. Logan to go back to the United States 
feeling that we also have, in fact, got something. There is plenty of room for new 
ideas in lighting, philosophers are needed as well as investigators; Mr. Logan has 
shown himself to be both and, therefore, an excellent ambassador to explain his 
country’s as well as his own point of view on lighting. 

__ Mr. W. RosINsoNn: The lighting world owes Mr. Logan a great debt for his bril- 
liart and arduous researches culminating in his Field Flux Method of Design. The 
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paper is particularly interesting as representing yet a further approach to this subject, 
We have had Luckiesh using actual nervous responses, rate of heart beat, etc., as a 
guide to seeing comfort; Petherbridge and Hopkinson, Ward Harrison and many 
others using the method of subjective appraisal; Dr. Stiles making more purely objec- 
tive investigations and now we have Mr. Logan using the standpoint of nature itself. 
There may be doubts of the applicability of his criterion, but there is no doubt in my 
mind concerning the excellence of the work done towards reproducing these conditions 
indoors. I do not wish to take up a lot of time because I know there are others who 
would like to. join in this discussion but I have one or two questions to ask Mr. 
Logan which may serve also to indicate to some extent the lines of my own thoughts 
on the subject:— 

(i) At what minimum level of illumination does he think that indoor requirements 
for comfort are closely related to outdoor levels, i.e., is there a critical adaptation 
level at which field flux distribution becomes significant? 

(ii) Is interzonal flux distribution based mainly on comfort or has he in mind, 
either now or in the future, the use of his design method to satisfy other criteria 
such as empnasis, direction, atmosphere, etc., all of which, it would seem, might be 
included in the framework of his method by a variation in the permissible limits of 
flux in the various zones of the field of view? 

(iii) Would Mr. Logan agree that his application of the B.C.D. method of comfort 
appraisal is, in fact, only another way of considering the general relationship already 
mentioned by Dr. Stiles, viz:— 


Bs 
BE 
(iv) Could Mr. Logan give us some idea how he managed to obtain from his 
clients the free hand in colour as well as in lighting which his method requires? 
(v) The example worked out in his paper on the assumption of interzonal bright- 
ness conditions for comfort are based on an adaptation level of 31 ft.-lamberts; can 
he explain where this figure comes from as I have not been able to trace this to its 
origin? 


Mr. W. Imrie-SMITH: I have been very interested in this technique since Mr. Logan 
published his original paper a few years ago. I think one of the important points 
to realise is that in this chart of optimum values the lines across the basic chart, Fig. 3, 
go up and down at different levels. We in this country are getting the impression 
that the ideal to an American lighting engineer is the inside of an integrator, where 
everything is of one brightness. Now it is true that for purely mathematical conven- 
ience there is a horizontal line drawn through the middle of this chart, but that is only 
a convention, and I am quite sure that Mr. Logan would agree that if he did get an 
installation where all the factors came along the horizontal line, he would not regard 
it as being the best result that could be obtained; at a guess, I would say that the 
best results are mid-way between the two wavy bands of limits. 

There is one point that has occurred to me in relation to the retinal zonal diagram 
Fig. 2; I am struck by the fact that there seems to be no lateral balance or control on 
Chart No. 3. If you have an interior with a glazed side, we are all aware that con- 
ditions are not good from a visual point of view when you look down the room; on 
the other hand by suitable painting you might get average fluxes in the horizontal 
zones that would come within the limits of your diagram. In diagram No. 2 there 
are 12 zones, left and right as well as up and down, and it seems to me that that 
would be a sound basis to have 12 columns on Chart No. 3; the examples shown are 
all laterally rather nicely balanced. 

I would like to refer to the calculations where Mr. Logan calculates the brightness 
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of the walls by the interflectance method. There is quite a bit of work there, but 
he does mention getting the illumination on the horizontal by means of the point-to- 
point method. I have been in correspondence with America for some years in con- 
nection with their latest extensions of the Ward Harrison Coefficient Factors now that 
they have increased the number of classifications of the direct light components, and 
they always seem to be baffled when one asks for factors for a no-wall interior to 
be included. If we had the coefficients for a no-wall interior, we could get the 
illumination on the plane without having to bother about the point-to-point method. 

I would like some amplification of the last page regarding the references to Q and 
B when describing the modifications made in an installation; it gets a little bit con- 
fusing which of the Q’s and B’s are actually referred to. 


Mr. S. ANDERSON: I should like to comment upon the section of Mr. Logan’s paper 
describing the selection of decoration colours from the 1,600 colour cards. It seems to 
me rather surprising that, if I understood him aright, he rejected those colours which 
the observers consistently liked, as well as those which they consistently disliked. I 
would have thought that in doing so he had seriously handicapped the choice, when it 
comes to selecting one of those in the remaining group, by leaving in only those to 
which there were neither positive nor negative reactions. 

Mr. Logan has, perhaps, simplified his account of the experiment, but I cannot 
help feeling that the choice of decorative colours nowadays is seriously complicated by 
the wide variety of colours of the light sources with which we now have to deal. [I 
think this is ‘an instance in which the variety of fluorescent lamp colours is an embarrass- 
ment, and I would be interested to hear if Mr. Logan considers that any of the 75 or so 
selected decorative colours can reasonably be applied whatever the light source con- 
cerned, or whether he has to select still further with reference to the characteristics of 
the particular light source to be used. 


Mr. ©. J. KinG: I feel that although much of the work Mr. Logan has done is. 
undoubtedly of very great importance, here we have an attitude of planning down to a 
level. There is no doubt that this system of producing stereotyped charts will result in 
a large number of perfectly satisfactory installations, but is it going to be worth while 
having a large number of satisfactory installations to the complete exclusion of the 
superlative ones which we might get by other methods of approach? Rule-of-thumb 
methods, however ambitious, can only have the effect of stifling first-class schemes at 
birth. 


Mr. L. C. KaLFF: I agree with Dr. Hopkinson that comfort does not mean just 
the absence of discomfort, and that comfort in itself is a very complicated idea which 
should be defined by some kind of international committee, because comfort in America, 
in Holland, and in England mean different things. In my opinion comfort is made up: 
of the following things: absence of discomfort; ease of seeing, i.e., ease of perception; 
“vision value,” so that we are really attracted by the things we want to see and not 
distracted by the things that are not important in the field of view; and the last and 
most important factor, pleasure—pleasure in seeing. That is a positive thing which we 
cannot define as “ absence of displeasure.” If we go for such a definition of comfort of 
seeing, then I think that Mr. Logan’s method does not give an answer to what we really 
want. We want to create as much as possible a comfortable atmosphere for seeing, 
which cannot be done by lighting installations alone, but only by lighting installations 
combined with reflecting surfaces and their colours. These compositions should have 
in them all the factors I have just enumerated. 

Some of Mr. Logan’s views do not appear to fit in with my definition of comfort. 
Ig the first place he is considering only horizontal zones of brightness; horizontal zones 
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do not deal with the centre of attention, i.e., concentration on the task, so that there 
may be distraction because things outside the job we want to see look just as interesting, 

Selecting colours from a range of indifferent colours only, instead of from pleasant 
or unpleasant colours, certainly puts a very serious limit to the possibilities of selecting a 
composition which will give pleasure, and so I doubt whether the best installations and 
the best interiors will be created by this method. 

Lastly I would mention the central projection of the interiors adopted by Mr. Logan, 
This is all right so long as one looks straight down an interior, and then you can speak 
of the brightness of the walls and ceiling and the lighting fittings; that might have been 
the normal attitude of the hunter in olden times, but in modern times, I regret to say, 
we often have to bend our heads and direct our line of vision down to our task; for this 
the interior should be projected in that direction in order to get the right idea of the 
distribution of brightnesses. For that reason I believe that Mr. Logan’s theory on the 
normal tasks carried out in factories and offices should be revised considerably because 


the field of vision is no longer the ceiling and walls but, perhaps, part of our desk and 
the floor. 


Dr. J. W. T. WALSH: I find it very difficult to summarise briefly the discussions we 
have had to-day. We have listened to two excellent papers, but 1 do not think they 
could have differed more in the way they approached their subject. First we had a 
paper from Dr. Stiles, whom I will venture to call a physiologically-minded physicist, 
and who kept his feet firmly on the ground of experimentally ascertained facts, and 
then we had a paper by Mr. Logan, who approached the problem in an entirely different 
way, setting up a criterion of the ideal at which the lighting engineer should aim and 
suggesting ways in which he could be helped to achieve the desired results. 

There is quite a lot to be said about these different sides of the problem, especially 
the second, but there is one point in particular to which I would like to refer; that is 
the principle, which I believe has a very firm psychological basis, that you must 
not isolate one thing and entirely disregard everything else affecting your state of life. 
By this I mean that, when considering comfort conditions as regards lighting, we may 
be led astray if we disregard all the other things affecting us at the same time. I was 
reminded of this at the Physical Society Exhibition by a demonstration showing the 
effect of illumination level on colour preference. It was shown quite clearly that if you 
have a higher level of illumination you tend to prefer a cooler light, whereas if your level 
of illumination is lower, you choose a warmer tone. That is an example of how every- 
thing has to be considered in relation to everything else. 

The other remark I should like to make is with regard to the rather formidable 
calculations which Mr. Logan seems to be asking us to undertake. I think lighting 
engineers, who have to perform a good many calculations in any case, are always 
apprehensive of someone with yet another proposal involving still more arithmetic. Ip 
this instance I believe the apprehension is not very well founded and is due mainly to 
our unfamiliarity with Mr. Logan’s ideas. When we have lived with them for a time, 
his calculations will lose all their terrors and we shall be able to get results as easily 
as he does. 

Mr. R. R. HOLMEs (communicated): The technique which Mr. Logan has devised 
is of the greatest value and interest, but the writer would ask whether the upper limit 
of his “ band” (see Fig. 3 in the paper) might not well be the subject of further 
review. 

The daylight horizontal view in open country was assumed to be the natural 
visual field. Primitive man, however, may have spent much of his time in caves 
or forests and have hunted at dusk, at dawn or by moonlight rather than throughout 
the day. In the open it is possible that he will have used a head-dress or his hand 
to shade the eye, so altering instinctively the natural brightness pattern to suit his 
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purpose or his comfort. A relation, therefore, of Mr. Logan’s upper limit to those 
conditions in which some form of shading for the eye is instinctively adopted might 
offer a guide to actual conditions of commencing discomfort. 

It has been suggested that rules for brightness limitation tend to produce too 
“dull” an effect. Mr. Logan’s zones, however, are so large that there would be ample 
scope for small areas of brightness or colour to be introduced to give a cheerful 
effect without necessarily causing distraction. Perhaps Mr. Logan will indicate, in his 
reply, whether such an arrangement would be acceptable within his conception of 
an environment which does not offend. 


Mr. I. S. PLUMTREE (communicated): Mr. Logan is not alone in being unable 
to accurately or purposefully describe what is meant by visual comfort. It was evident 
that many had difficulty in giving a positive and expressive meaning to this term. 
All speakers admitted that lack of discomfort did not adequately fulfil the condition 
required. Others used the phrase “ ease of seeing ” which, in my opinion, is quite good. 
My description would be just “ good visual acuity” or “seeing without ocular effort 
or strain” 

I think a good example of the above was a pre-war demonstration where there 
was a cubicle containing a photometer in which the illumination on the reading plane 
could be varied to suit each individual requirement. Many thousands of people visited 
this demonstration and adjusted the illumination to suit their individual requirements. 
The results which were obtained and recorded were very diverse, thus proving that 
ease of vision varied very considerably with the individual. 

It was very interesting how Mr. Logan brought out the lower field of vision, and 
I am sure that we should all do well to keep this in mind. I am quite certain that 


this has not been given the attention it should have received in the past. As regards 
practical application, whilst there should be no difficulty in raising the reflection 
factor in the lower field for commercial applications, I am rather dubious about being 
able to permanently raise the reflection factor in the lower field in factories and 
workshops owing to the colour of machinery, floors, etc. 


Mr. LoGaN (in reply to the discussion): With reference to Dr. Hopkinson’s first 
question, I am unaware of any evidence to support the speculation that there has 
been any biological change in man from the time he first appeared until to-day. 
His inability to physiologically adapt to varied natural conditions is both his weakness 
and his strength. It is his weakness, because, as soon as he migrated from his original 
habitat into natural conditions to which he was not well adapted his average length 
of life was drastically shortened. It is also his strength, because he had to become 
a tool-using creature or perish. His first essential invention—clothing—is still sufficient 
to permit him to survive in most circumstances and places. The invention of shelter 
and the discovery of fire-control made it possible for man to extend the small layer 
of insulating air next to his skin, provided by clothing, to include the mass of air 
in a shelter, and so to generate an indoor climate similar to his place of origin. The 
more closely that man is able to duplicate the range of external stimuli characteristic 
of his place of origin the healthier does he become and the longer does he live. 

The vagaries of man’s existence since he first migrated referred to by Dr. 
Hopkinson and Mr. Holmes simply illustrate the travail man has had to go through 
to reach this point in time, but his physiological equipment does not change because: 
he goes indoors, nor does the range of his safe responses to external stimuli. 

The burden of evidence is that the more closely man patterns his immediate 
environment on that of his place of origin, the healthier he is and the longer does 
he live. This does not mean, however, that, in Dr. Hopkinson’s words, “ the ideal 
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environment for office or factory work is out of doors along the 70 deg. isotherm.” 
It is not necessary to adopt the forms of the original environment, but it is desirable 
to adopt the ranges of stimuli that characterise it. 

Dr. Hopkinson’ s second point, that the proposed Visual Comfort Chart is probably 
simpler than the “ true state of affairs,” can neither be affirmed nor denied at the present 
time. Its merit lies in the fact that it is a workable approximation that gives accept- 
able results in practice over the range in which it has so far been applied. This range 
is from Q = 0.01 to 20.0. It has not yet been tested for the small sizes of Q that are 
found in street lighting practice. When Dr. Hopkinson expresses a preference for a 
variety of formulae with different exponents for particular conditions he is actually 
asking for a more laborious way of doing the same thing. For example, if he will 
regard the curves from Q = 0.001 to Q = 0.01 he can draw straight lines through 
those segments that closely approximate the curves and find the formula that represents 
those segments. He could repeat it for the range of Q= 0.01 to Q = 0.1. He would 
find that the exponents necessary to express this second section of the curve differed 
from those for the first section. In short, Dr. Hopkinson’s various formulae must, per 
se, be approximations for specific segments of curves similar to those on the Visual 
Comfort Chart. 

I have constructed smoothed curves from Dr. Hopkinson’s data, as shown in 
Fig. 17. It is interesting to compare this with Fig. 14. The general appearance is 
similar but the position of the curves on the grid has shifted appreciably. The prac- 
tical effect would be to pass a higher percentage of lighting installations as comfort- 
able than would be passed through the application of Fig. 14. 

I think international agreement should follow determination of the facts. _Inter- 
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national agreement will be difficult in the absence of a stable factual foundation, 
and the latter has not yet been attained to a satisfactory degree. 

Dr. Hopkinson’s and Mr. Kalff’s remarks on comfort and colour seem to be 
largely a matter of language. We can mentally abstract from sensation two classes 
of reaction—survival and non-survival. The non-survival aspect varies from agony 
to faint discomfort. The survival type varies from faint comfort to ecstasy. If the 
one aspect is absent, the other is present in the conscious state. 

From the standpoint of practising engineers in America designing working 
environments to be occupied by groups of people, from small to very large, it is desir- 
able to provide stimuli to which there will be a survival-type response. In lighting 
this means, among other things, a comfort response. At present this is done by a 
process of elimination, i.e., avoiding things known to excite a discomfort response. 

Dr. Hopkinson talks about a “ positive sensation of comfort,” that is, a sensation 
so far above the threshold that it seizes one’s conscious attention. That degree of 
conscious enjoyment of comfort-marked pleasure falls within the sphere of the artist. 
The engineer provides the environmental framework. The artist can go on from 
there where it is desirable to provide sensual enjoyment. 

Answering Mr. Robinson’s question about critical adaptation level at which field 
flux distribution becomes significant, it is significant at all levels in the photopic range. 
The natural fields varied from 10 to 9,735 Im./ft.2 measured on the horizontal 
plane, and their distributions through this wide range varied within the boundaries of 
Fig. 3. 

Answering his second question, the diagram of interzonal flux distribution is based 
on the sole criterion of optimum adaptation. 

The answer to Mr. Robinson’s third question is “ yes”; and to his fourth question 
—education! This includes mailing appropriate papers and leaflets to architects and 
engineers on a national scale, public lectures, the training of individuals, and the 
establishment of a demonstration centre for the professions and the public in New 
York City. 

The “adaptation level” Mr. Robinson refers to is explained in detail on pages 
202-203, of the April, 1952, issue of “ Illuminating Engineering.” An example of the 
method of establishing it is given in the first example discussed in this paper. At the 
bottom of the upper right-hand, small box of figures in Fig. 7, is the notation “ Ave. 
Ft-L. 23.4.” That is the mean brightness of the field of view and is used as the 
adaptation level for a person engaged in random viewing. The 31 ft.-lamberts Mr. 
Robinson asks about is the mean brightness of the field of view of the interior for 
which it was used. 

With space limitations being what they are, there is no way to remove the con- 
fusion of Mr. Imrie-Smith with respect to the closing references to Q. and B. except 
by asking him to actually work out the examples, step by step. 

Answering Mr. Anderson’s comments, the choice of colours from the group to 
which observers are relatively indifferent removes the aggravating possibility of getting 
reactions ranging from active dislike to equally active approval. The environment 
then becomes something taken for granted and does not intrude on the observer's 
conscious action. Likes and dislikes vary so greatly from individual to individual, 
and shift so much from time to time that they offer no basis for satisfactory engineer- 
ing recommendations when people must be dealt with in groups. This point of view 
will come as new to some, and therefore strange, but it is only an extension of the 
principle long accepted by engineers that a lighting system should preferably be some- 
thing to look with, and not to look at. 

The 432 colours left in the group of low response were screened for satisfactory 
reflection factors, for desirable variety of colour choice, for reduction to a com- 
mercially practical number, for satisfactory appearance when expanded into large 
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areas, and for minimum change in appearance and reflection under different lighting 
conditions (specifically, incandescent, fluorescent 3,500 deg., and daylight). 

{ would like to suggest to Mr. King that even were we faced with the alternative 
of accepting “a large number of satisfactory installations” at the expense of no 
“ superlative ones,” most people would consider it a rather good bargain. Of course, we 
are not faced with such an alternative. The improvement of the average installation 
will in no way militate against a larger number of “ superlative ones.” 

In reply to Mr. L. C. Kalff, may I hope that he will find time to read my previous 
papers ? If he does so he will find that he has unwittingly set up straw men to knock 
down. 

I am in agreement with Dr. Walsh’s comments; but would add that Dr. Walsh (and 
Mr. Kalff), are assuming that I attach an over-riding importance to visual comfort, but 
in fact this is not so. The basis of my approach is adaptation of the organism to its 
environment. Now it so happens that a sense of unease, or discomfort, or distress, or 
pain, is evidence that stimuli are present of a kind, or to a degree, to which the organism 
is either not fully adapted, or not adapted at all: Glare, or an ambient temperature 
of 90 deg. F. could represent the former situation, and poison the latter. 

Visual discomfort is prima facie evidence that the organism cannot fully adapt 
to the prevailing visual stimulus. Therefore, a method of pre-determining the probable 
comfort-discomfort reaction of a group of people to a proposed visual situation is one 
of the checks a designer can use to determine if he is establishing a situation to which 
people will be well-adapted. The major check is still, as far as I am concerned, the 
so-called “ bulk ” distribution of stimulus in the field of view. 

Answering Mr. Holmes, the upper limit of the “band” on the Flux Diagram, 
Fig. 3, or any part of it, is subject to correction in the event of further data appearing 
that would indicate such need. However, Mr. Holmes is incorrect in stating that “ the 
daylight horizontal view in open country was assumed to be the natural visual field.” 
The natural visual field before original migration had to be in a region where food 
was reachable, as original man came without knowledge of tools or weapons. It was, 
therefore, a verdant, wooded, semi-tropical region, abounding in fruits, edible roots, 
wild cereals and small game. It was definitely not open country where slow, unprotected 
original man would not only be completely defenceless against the large fauna of the 
region, but also against the radiation of the sun. 

A percentage of the readings were taken within such wooded areas. It is interesting 
to note that the maximum horizontal illumination measured under these conditions 
was 500 Im./ft.2, compared with 9,735 Im./ft.2 in a nearby open glade. In some instances 
the horizontal illumination in these woods was as low as 20 Im./ft.2, despite brilliant 
sunshine outside. 

Original man cannot be assumed to have worn head-dress as Mr. Holmes imagines. 
That was a clothing invention inspired by hostile natural conditions after migration 
began, and after man was already endowed with his innate and inalienable characteristics. 

If Mr. Holmes is referring to the use of the horizontal line of sight in making the 
measurements of the natural fields of view, the reason is that the horizontal field of view 
comprises everything that can be seen from a given position of the observer. No other 
direction of the sight line can be so inclusive. It includes all ranges in any of the local 
fields into which it can be divided, and which might be emphasised by inclined lines 
of sight. It is the summation of all the random aspects visible from a given position 
and all the smaller, local fields that the observer can inspect from the same position. 
Therefore if the properties of fields around the horizontal line of sight are determined 
they must include the properties of any parts of these fields. 

When one’s view is inclined downward the change from the horizontal view is in 
the direction of a decreasing range. If that was accepted as the criterion and appiied 
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to random horizontal viewing, the criterion would become much more severe than 
reality could justify. 

Inclined lines of sight are used from time to time in the design process (see previous 
papers), where special situations indicate their usefulness. If they show to be “ out-of- 
bounds,” so to speak, the job is corrected on the basis of the inclined line-of-sight con- 
ditions meeting the requirements drawn from the study of horizontal lines of sight 
in natural fields. ; 

With respect to the range of brightness ratios found in natural scenes to which 
man is fully adapted, the maximum measured was 285 : 1, when the brightest area was 
| per cent. of the field. This is therefore included in the structure of the flux diagram. 
No attempt was made to measure smaller areas, but they existed. For example, the 
dark side of a tree trunk at a distance would measure 4 ft.-lamberts when there would 
be a patch of sky showing at 2,000 ft.-lamberts—or 500 : 1 ratio. But the patch of sky 
might have a position factor of 16, and the tree trunk of 1, so that although the numerical 
contrast would be 500 : 1, the effective contrast would then be about 125 : 1 (2,000/ 16) 
and comfortable. It is well to keep in mind the position factor when considering such 
matters. 

I am deeply grateful to all the discussors for their kind interest, and hope that my 
replies will be helpful to them. 
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